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I) ABBREVIATIONS 
Drugs: 
Nerves: 
Others: 
ACh; acetylcholine 
BOL-148; bromolyserg~c acid diethylamide 
GABA; Y-amino-,!1-butyric acid 
DLH; DL-homocysteic acid 
L-GLUT; L-glutamic acid 
TEA; tetraethylarrnnonium 
BST; biceps semi tendinosus 
FDL; flexor digitorum longus 
gastroc; gastrocnemius 
SUP PER; superficial peroneal 
C.N. S. ; central nervous system 
RSA; relative specific activity 
TAW- buffer: triethylamine- acetio acid-water , 
12:25:923 by vol. 
S paper; Schleicher and Schtlll paper no . 20436 Mgl 
M; molar 
mJvI· 
' 
10- 3 molar 
mA· 
' 
1 3 amp 
µA; 10-6 amp 
nA; 10- 9 amp 
II. GENERAL IlfrRODUCTION 
Experimental evidence in support of tre concept of chemical 
transmission of the nervous impulse fzom the terminations of peripheral 
nerves to an effector organ was first obtained early in the twentieth 
century$ !he pioneer work of Elliott (1904), Dale (1914), Dixon (1906) 
and Loewi (1921) (see also reviews by Dale, 1935; Loewi, 1945) .implicated 
chemical agents in transmission from postganglionic autonomic nerves to 
their effector organs. In peripheral neuro-effector systems, the trans-
mitter substances have been identified: aoetylcholine (ACh) is the trans-
mitter at postganglionie parasympathetic synapses, at all autonomic 
ganglionic synapses and at the skeletal neuromuscular junction (see 
Feldberg and Gaddum, 1934; Feldberg and Vertiainen, 1934; Dale, 
Feldberg and Vogt, 1936; Brown, Dale and Feldberg, 1936; Loewi, 1945), 
although the precise mechanism of action may be more complicated than 
was first envisaged {Koelle, 1962; Riker, Werner, Roberts am Kuperman, 
1959; Nachmansohn, 1959; Werner and Kuperman, 1963 and Hubbard and 
Yokota, 1964). At most postga.nglionic sympathetic synapses the tran-
mitter is generally believed to be !!Q!_-adrenaline {see Von Euler, 1959). 
However, Burn and Rand (see Burn and Rand, 1962, for recent review of 
their hypothesis) have proposed that all poatganglionic sympathetic 
nerves liberate ACh 1 which in tum liberates nor-adrenaline from a store. 
-
If the hypothesis were valid (and there are alternative interpretations 
of the evidence: Paton, 1963) ,then ACh would emerge as the sole 
transmitter for which there is evidence of liberation from nerve termi-
nals in the peripheral nervous system as a direct consequence of nerve 
stimulation. Although it is widely accepted that chanical transmis-
sion occurs in the mammalian central nervous system, the r.ature of 
the substances effecting transmission is far more obscure (see 
section IV) . A number of naturally occurring substances have been 
proposed for tre role of transmitter , but the evidence on which 
most of the claims are made is weak and indirect . 
The first part of this thesis (section IV) represents an 
attempt to obtain and collate the evidence revealed by various rela-
tively direct methods of approach. It wi 11 emerge that A Ch is the 
only substance for which there is adequate evidence of a transmitter 
function. The second part of the thesis (section V) is devoted to 
a detailed account of the pharmacology and function of central 
cholinoceptive receptors . It will be shown t:bat Renshaw cells have 
both nicotinic and muscarinic receptors upon the same cell and 
that the duration of the excitatory effect of the synaptically 
released acetylcholine is controlled by desensi ti za tion processes, in 
addition to the better known phenomena of enzymic inactivation and 
diffusion of transmitter away from the receptors. 
4o 
III. METHODS 
A) Extraction and cellular fractionation of brain homogeIE.tes 
The studies which are reported in sections IV B, IV C and IV D, 
were carried out on homogenates of the fore- brains of rats (sections IV B, 
IV C and IV D) , guinea pigs (section IV c) and sheep (sec~lon IV c) . 
The brains were sectioned at the level of the tentorimn cerebelli o The 
guinea pigs were usually killed by rapid decapitation whereas rats, and 
in a few experiments guinea pigs also, were anaesthetised with pentobarbi-
tone sodium ( 40 mg/kg; in tra-peri toneally) and then bled from the abdo-
minal aorta. Brains were obtained from sheep immediately after death by 
exsa.ngu.ina tion , or in one experiment from a sheep anaesthetised with 
pentoba.rbi tone sodium, given intravenously. 
The brains were removed rapidly and placed in a beaker of ice-
cold sucrose oolution (0.32 M), in which they were finely minced with 
scissorso Pooled homogenates f:rom four to eight brains (30 bra.ins were 
used for the expert men ts in sections IV B and IV D) were then prepared 
in a piston press type of homogenizer (Emanuel and Claikoff, 1957), with 
a clearance of 27 µ between the rod and the annulus . The concentration 
of the homogenate was about 10 per cent and in some ex:perinents the 
sucrose solution contained physostigmine (2 . 7 x 10- 5M) o The ho~ogenizer 
was cooled to o-4°c by circulating ice- cold water through its outer 
cooling jacket . All fractionations were carried out at 0-4°C by one of 
two methods , as outlined in Tables 1 and 2. Method a) (Table 1) was 
similar to that described by De Robertis , Pellegrino de Iraldi, Rodriguez 
de Lorez Arnaiz and Salganicoff (1962) and Method b)(Table 2) was 
similar, but not identical, to that described by Whittaker (1959) and 
Gray and Whittaker (1962)0 The primary fractions, Pl, P2, P3 and S 
were obtained by differential centrifugation and the P2-subfractions 
were obtained by density-gradient fractionation. In gross appearance the 
fractions resanbled those of the corresponding fractions described by 
these authors, and Fig. 1 illustrates the appearance and the position 
of the various fractions in the density gradients after centrifugingo 
However, fraction B (Method a) consisted of a fairly diffuse layer 
merging into frc;1ction C, which represented a more oomµtct layer at the 
junction of the 1.0 and 1~2 M sucrose solutions in the density gradiento 
This made consistent separation of the two layers difficult and was 
reflected in tm variability of the relative amounts of ACh and nitrogen 
in the two fractionso Despite this fact, the total amount of ACh in 
the two fractions was remarkably constanto 
For the preparation of the nuclear and cell-debris fraction 
(fraction Pl), an IvISE refrigerated centrifuge was used. Subsequent 
fractionations were carried out in a Spinco Model L ultracentrifuge with 
the number 30, 40 or SW 39 rotors. The centrifugal fields and density 
gradients which were used are given in Tables 1 and 2. Sei:aration of 
supernatant fluids from the sediments, and of the layers of the density 
gradients was achieved with the aid of pasteur pipetteso The indiYidual 
fractions so obtained were centrifuged to sediment the particles , which 
were then resuspended in 165 mM NaCl. In studies of the subcellular 
distribution (section IV c), the resuspended particles were heated on 
a boiling water bath at pH 4 for 10 min to liberate bound substances 
(Whittaker, 1959); supernatant fluids were similarly heatedo In order 
to reduce the ffucrose contents of the samples prior to electrophoresis 
and chromatography (section III B, IV B and IV D), a further resuspen-
sion in NaCl was performed. The suspension was then recentt'ifuged and. 
the particles taken up in distilled water, which was immediately acidi-
fied to pH 4, and heated to 100°c for 10 min. These procedures were 
found to lave no effect on the ACh content of the sample. 
B) 
The extracts wexe then treated as described in section III Bo 
Treatment and purification of extracts 
Purification of extracts 
Before carrying out assays for ACh, substance P, 5-hydroxy-
tryptamine, potassium and the amino acids (section IV c), the extracts 
in NaCl (section III A) were centrifuged to remove the precipitated 
material. The supernatant fluid was adjusted to pH 7 .5 and a portion 
used for the eubstance P, potassium and amino acid assays. For the ACh 
and 5-HT assays, the extracts were incubated with a-chymot:rypsin (1 mg/ml) 
for 1 hr at 37°c in order to destroy substance Po After repeated 
application of solutions containing chymotrypsin, 5-HT was found to 
cause sustained contractions of the rat fundus strip, which was used 
for the assay of 5-Hr. This difficulty was overcome by subsequently 
heat ing the chymotrypsin-treated extract at eo0 c for 10 min, but care 
had to be taken to ensure that the pH did not exceed pH ? o5, since 
there was a 10 per cent destruction of ACh at pH ? 08• At pH 7 .5 there 
was no destruction of ACh in control experiments, and there was no 
difference between the activity on the guinea pig ileum of such an 
extract and that of a simiJar, uninru.bated extract which was kept at 
pH 605 and not heated. 
The experiments described in section IV B and IV D were carried 
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out on extracts of the crude mitochondrial (P2) fraction initially 
prepared as in III A, but thereafter further treated anl purified as 
follows: the extract in distilled water (section III A) was centrifuged 
and the sediment was washed with water . The combined supernatant fluids 
(120 ml) were then freeze-dried and weighed . A porti.on of this crude 
extract was dissolved in water and carefully adj usted to pH 7 to 7 o5 
(glass electrode) , incubated at 37°0 f'or 1 hr with 1 mg/ml of cx- chymo• 
trypsin to destr oy substance P, and heated at eo0 c for 10 min to 
precipitate the chymot:rypsin. These incubated sample s were used directly 
for the parallel biologi. cal assays . The electrophoretic and chromato-
graphic separations were performed on extracts which had not been 
treated with chymotrypsin. 
Fractionation of extract from tre crude mi tochondriaJ. fraction 
Solvents an:l buffer systems 
1- Butanol (A.R. ) and 2- propanol ( technical grade) were treated 
with Al/KOH and twice distilled through a column. Acetic acid (A.R.) 
am t r iethylamine (BDH, L. R. grade) were each distilled before use. 
Chromatograms were run in 1- butanol- triethylamine- acetic acid-
water (33 :4: 8:10, by vol . ) , the latter three components together having 
a pH of 4. 
For paper- washing , for electrophoresis and for elution of substan-
ces from paper a triethylamine- acetic acid buffer , pll 3 o9 (T.A .W. 
buffer) was prepared by diluting 12 ml triethylamine and 25 ml acetic 
acid to give 1 litre of buffer. In some experiments the trie thylamine 
in the solvent systems was replaced by pyridine throughout the washing, 
electrophoretic and chromatographic procedures . Experiments in which 
pyridine was used will be specifically indicated in the texto 
a. 
Paper for electrophoresis arrl chromatography 
Whatman no. 3MM paper was employed for electrophoresis. Sheets 
of Schleicher and SchUll paper noo 2043 bo ~.gl (referred to hereafter 
as S.S. paper) were used for chromatography. 
31IM paper was &.lways eluted for one week with 2-propanol-water 
(7:3, v/v) followed by acetic acid-water (1:1, v/v) for another week, 
arrl the S.So paper was elv.ted for one week ·with water aloneo These 
treatments were inadequate to ranove biologically active substances 
from t~ paper . Hence extra eluting procedures were adopted and these 
followed on from the initial washing described above:-
The papers were eluted at room temperature for 10 days in 
1-butanol- acetic acid-water (4:1:1, by vol.) an:l dried, following which 
they were transferred to the cold room (4°c) and washed with T.A.Vo 
buffer for 14 days. After a firal 4 days of elution with water the 
papers were dried . Elution with each solvent was termirated when no 
biological activity, as judged by contracture of the toad rectus, could 
be detected in the combined eluate from 4 whole sheets of paper, eluted 
for 20-21 hours o 
S.So paper was further washed successively with the chromatogra-
phy solvent, followed by T.A.V~ buffer a1n then water (4 days each) . 
High Voltage Electrophoresis 
Pa.rt of t~ freeze-dried extract of the crude mitochondrial 
fraction was subjected to high voltage paper electrophoresis. The 
extract (610 mg;l7 mg/g brain , wet weight) was dissolved completely by 
addition of 5o0 ml water , and Oo40 ml of this solution, or 49 mg of 
extract , was se:r,a.rated on each of seven papers . All seven electro-
phoretograms were made on the same day. 
The water cooled apparatus described by Gross (1961) and 
modified slightly in regard to plate size by Beatty, Ennor and :Magrath 
(1964) was employed. 3MM paJer, washed as described above, and cut into 
sheets 29 cm x 58 om was used, anl the wicks consisted of stngle sheets 
of the same paper, 29 cm x 29 cm, wrapped in double sheets of cello-
phane. To obtaincgood contact between wicks and electrophoresis paper, 
sealed cylinders made from polythene film and packed with cotton wool 
were used, and in the electrode vessels, slits between electrod'e and wick 
compartments were packed with rolls of washed 3:MM paper. In this way 
the possibility of contamination of buffer or paper by interfering mate-
rials diffusing from the cotton wool or electrode compartments was 
minimisedo To avoid the possibility of contamination of papers with 
products of electrolysis, the buffer in the electrode vessels and the 
wicks were c1i..anged after each paper• 
The solution to be separated by electrophoresis was applied 
by means of a syringe fitted with a drive-mechanism, which delivered 
0~4 ml evenly in a 25 cm streak, 18 cm from tbs anode end of the paper. 
A potential gradient of 35 volts/cm was applied across the paper for 
45 min in the high voltage electrophoresis apparatus. The current was 
fairly constant, being initially in the region of 30-34 mA, arrl increa-
sing during the run to 33-36 mA, although on one occasion the current 
rose to 40 mA. On completion of electrophoresis, papers were dried 
in air for several hours, then overnight at a pressure of 1-2 mm/Hg 
in a specially constructed tank. The papers were stored at 4°C in an 
atmospher of nitrogen until elution was carried out several days 
latero 
lOo 
Detection of electrophoretic and chromatographic Eatterns 
Since the application of marker substances on electro phoretic 
or chromat.ographio sheets reduced the area of paper available for the 
separation of the extract, and might have contaminated the extract by 
lateral diffusion, markers were run on separate sheets, am compared 
with a small amount of brain extracto The positions of possible acti. ve 
substances in tre extract were- deduced by reference to the ninhydrin-posi-
tive bandse These were located by cutting off 1.25 cm strips from 
both sides of each electrophoretogram an:l chromatogram and spraying 
them with ninhydrin. This procedure also danonstrated the stmightness 
of running of similar bands on different sheets. 
For the detection of marker spots, the followir:g reagents were 
used:- choline esters and Y-butyrobetaine methyl ester, hydroxylamine-
ferric chloride spray (Whittaker and Wijesundera, 1952); acetyl-13-
methylcholine, potassium bismuth tetraiodide spray (Bregoff, Roberts and 
Delwiche, 1953); ani acetyl-DL-carnitine, iodine vapour (Erante, 1949)0 
Elution of bands from electrophoresis papers 
Each electrophoresis paper was cut into 4 cm-wide strips parallel 
to the origin. These were eluted wi. th T.A.W. buffer in the cold room 
(4°G) in an atmosphere of N2 for 36 hr. Eluates from conesponding 
strips were pooled and freeze dried. Fractions were then stored at -
15°C until required. 
Chromatography of electrophoresis - fractions. 
Washed S.So-papers were cut into sheets 44.5 cm x 51 cm. The 
freeze-dried residue of an electrophoretic fraction was dissolved in 
Oo20 ml T.A.W. buffer and applied by hand across 40o5 cm at the origin. 
11. 
A further 0.20 ml, used to wash out the container, was applied over 
the dried streak. 
Descending chromatograms were run at 4°0 in an atmosphere of 
N2 using the chromatography solvent described above. In 21 hr the 
solvent front bad moved about 32 cm from the origi.no Papers were dried 
in air and then under vacuum (1-2 mm.Hg) for 1} hr. Side strips were 
out and sprayed with ninhydrin, after which the paper was out into 
horizontal 1 or 3 cm bands and eluted for 28-30 hr in T.A.W. buffer at 
40c under N2• The eluates from each paper were freeze-dried and stored 
at - 1s0 c until required for assay. 
Biological testing of purified extracts 
For testing on isolated tissues, the freeze-dried extracts were 
dissolved in 0.5 ml of water and small portions taken for the assays. 
The remainder was again freeze-dried, taken up in Oo 02 ml of water, 
centrifuged to sediment pa.rticula te ma. terial, and then introduced into 
5-barrelled micro-electrodes for testing on single neurones in the 
central nervous system. 
c) 
' 
Chemical estimation of amino acids, potassium, nitrogen and 
5-hydroJSYtryptamine 
Amine acids 
The subcellular distribution of two amino acids, Y-amino-n-
-
butyrio acid ( GABA) and glutamie acid, is desc:ri bed in section IV C. 
They were first separated from most of the other ninb.ydrin-positive 
components of the extracts by electrophoresis on Wbatman 3MM paper in 
a pyridine (0.09 M) - acetic acid (Oo4~ M) • water buffer of pH 4: 
the extract was applied as a streak across the origin, and the GABA 
12. 
and glutamate regions, identified by the position of marker spots applied 
at the edges of the paper, were eluted with water. The eluates were 
dried in vacuo, taken up in a small volume of water and further puri-
fied by descending chromatography in iso-propanol/water (7:3 v/v) for 
glutamic acid and phenol/water (4:1 v/v) for GABA. The papers were 
dried in air and the phenol removed with ether. They were then treated 
with ninhydrin, eluted with 50fo ethanol, and the colour intensity of the 
ninhydrin-solutions estimated spectrophotometrically, as descn.bed by 
Ibrcellati and Thompson (1957), in comparison with recovered standards. 
Recoveries of GABA arrl glutamic acid were about 80 per cent. 
Potassium 
Potassium was estirrat ed by flame photometryo 
Nitrogen 
Portions of the subcellula.r fractions, obtained as described 
in section III A were removed before acidification arrl heating. The 
nitrogen content of these samples was estirra. ted by tre Kjeldahl method. 
5-Hydroxytryptamine (5-HT) 
Besides assaying the 5-HT content of various brain-frac tions 
by biological assay on the rat fundus-preparation, 5-HT was also esti-
mated by a fluorimetric method. The brains from twenty rats were homo-
genized and separated by Method a) (section III A) to yield the Pl, P2 
arrl P3 fractions, The separate fractions, P2 and P3, were rapidly resus-
pended in water, adjusted to pH 4 and then heated at 100°c for 10 min. 
After cooling, the precipitates were removed by centrifuging and washed 
once with water. The pooled supernatant fluids were reduced in volume 
to about 10 ml in a rotary freeze-drying a pparatus and then made up to 
13. 
20 ml with water. Portions (8 ml) of these solutions were used for 
extraction with n-butanol and were assayed for 5-ET in an Aminco-
-
Bowman spectrophotofluorometer, as described by Udenfriend (1962). 
The fluorescence in 3 N-HCl was compared with known amounts of 5-HT 
extracted in a similar manner. The remaining 4 ml of solution were 
used for biological assay on the rat fundus. 
D) Biological assays 
The following tissues and preparations were used to detect and 
assay substances present in brain extracts, and for the parallel assay 
of known oholinomimetic substances. 
i) Guinea pig ileum. 
Two variations in teclmique were employed. These were; 
a) The superfused ileum (Gaddum, 1953; Adam, Hardwick and 
Spencer, 1954). This procedure was employed for the 
assay of ACh and substance P in the unpurified extracts 
(section IV C), and both mepy:ramine maleate (1 mg/1) and 
tryptamine hydrochloride (40 mg/1) were added to the 
superfusion fluid to block the effects of histamine and 
5"IIT respectively. 
b) The ileum was suspended in a 2 ml bath. This technique 
was used for the assay of cholinomimetic substances in 
purified brain extracts and for the parallel assay of 
knoi.-m cholinomi.rnetic substames. In these experiments, 
the Tyrode solution did not contain blocking agents. 
ii) Rectus abdominis nuscle of the Queensland toad (Bufo marinus) , 
suspended in Ringer's solution in al ml bath. 
14. 
iii) Toad atria, suspended in a 2 ml bath. 
iv) The isolated perfused toad heart. 
v) Rabbit or guinea pig atria, suspended in a 2 ml bath 
(Webb, 1950) 
vi) The rat fundus (Vane, 1957), in an 8 ml bath. 
vii) The blood pressure of the rat treated with neostigmine 
(Straughan, 1958). 
viii) The blood pressure of the atropinized cat, anaesthetised 
with pentobarbitone sodium (40 mg/kg intraperitoneally). 
ix) The semispinalis oerviois muscle of the chick (Tyler, 1960), 
in a 2 ml bath. 
Contractions were usually recorded isotonically, but the contrac-
tions of the rat fund.us and toad rectus muscles were recorded by means 
of spring loaded levers, similar to those described by Vane (1957). 
The levers operated small photo-electric transducers, and the output 
from these in turn acillated a pen-recorder ('Servo/Riter' - Texas Instru-
ments Incorporated). Blood pressure was also recorded on the pen-
recorder with the aid of a Statham strain-gauge-transducer (Type P23Db). 
Assays on the toad rectus, toad atria and rabbit and guinea pig atria 
were sometimes carried out in the presence of physostigmine salicyla.te 
(2.5 x 10-5 M for tbe toad preparations and 0.25 x 10-5 M for the 
rabbit and guinea pig atria). 
Ringer's solutions of the following composition (in mM) 
were employed: 
i) NaCl 111, KCl lo 8 • Ca·Cl2 1. 00, NaHC °'J 2 o 38 t NaH2P04 O. 084, 
glucose 11.1. This solution was used for preparations 
ii, iii, and iv. 
15. 
ii) NaCl 137, KCl 2.68, CaCl2 1.26, 1iigC12 1.s}NaHC0:3 4.3, 
Na1i2P04 0.415, glucose 5.55. This solution was used 
for preparations i and ix. 
iii) NaCl 137, KCl 2.7, Ca.Cl2 1.a, MgCl2 0.11, NaHC~ 12, 
NaH2P04 0.42, glucose 5.5. This solution was used for 
bathing rabbit and guinea pig atria (preparation v). 
iv) NaCl 118, KCl 4.7, Ca.-Cl2 2051, MgS04 1.2, NaHC°'J 29.8, 
KH2P04 1.2, glucose 10. This solution was used for the 
rat fundus. 
Solutions were usually equilibrated with 95% Oz+ 5% C Oz, 
except when used to bathe heart .muscle, when 10~ ~ was employed. 
E) Neuropbarmacological teclmiques _ 
i) Micro-electrophoresis 
The technique of miero-eleotrophoresis bas recently been 
reviewed by Curtis (1954). Briefly, it consists of placing drug-
containing solutions in micro-pipettes, of overall tip diameter 4-8 µ 
( the diameter of individual pipettes was about 2-3 µ) , and ej eoting 
the drugs in ionic form by the passage of appropriately directed electri-
cal currents through the solution. In the present experiments, the 
pipettes were filled by centrifugation (see Curtis, 1964). The four, 
or occasionally six, outer barrels of the pipettes contained solutions 
of the drugs to be tested and the central barrel contained 4 M NaCl, 
which was used for recording purposes, except in the experiments in 
which nerve-terminals were stimulated when the central barrel was also 
used as a stimulating micro-electrode~ Flxtracellular spike or field 
potentials were displayed on an oscilloscope after suitable amplification. 
i: 
I 
The spikes were also used to trigger a pulse generator, the output pul-
ses of which were led to a rate-meter which in turn actuated a pen-recor-
der (•Recti/Riter1 , Texas Instruments Inc.), so that a continuous record 
of the frequency of firing was obtained. A detailed account of the 
recording and display techniques has been given by Andersen and 
Curtis (1964a). 
ii) Studies on cortical neurones 
Cats were decerebrated under fluothane anaesthesia by an inter-
collicular section. The cortex was then exposed in tm pericruciate re-
gion by an opening of the immediately overlying bone9 The dura were ca-
refully opened with scissors, and the exposed cortex was irrigated with 
Ringer 1s solution. The surface of the cortex was stabilized by means of 
a small perspex pressure-plate (Phillips, 1956), through which the micro-
pipette was inserted, after removal of a small portion of piao Neurores 
were located by slowly tracking through the cortex whilst recording 
through the centre barrel and ejecting an excitant amino acid (DL-homo-
cysteic acid) through an outer barrel'> }To attempt was made to identify 
the neurones, although many were presUIIRbly Betz cellso 
iii) Studies on Renshaw cells 
These studies were carried out on cats anaesthetized with pento-
barbitone sodium (40 mg/kg intra-peritoneally). The spiral cord was 
exposed by a laminectomy extending from the first to the seventh lumbar 
segments and was severed at the lower thoracic levelo The first sacral 
and seventh lumbar ventral roots were dissected, tied and mounted on 
stimulating electrodes. Renshaw cells were located and identified 
in the ventro-median part of the cord by their repetitive firing 
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in response to a single supramaximal stimulus applied to the ventral 
roots and by their sensitivity to ACh (Curtis and Eccles , 1958a) o 
iv) Studies on spinal internrurone s 
These neurones were located in the dorsal horn of the lower 
lumbar segments of the spinal cord in anaesthetised cats . They were 
detected by their response to the electrophoretic administration of 
DL-homocysteic acid and by their response to supra.maximal stimulation 
of peripheral , usually cutaneous nerves . 
v) Studies on presynapti c terminals 
In these experiments the effects of electrophoretically admini-
stered drugs on the excitability of primary afferent termimls were 
investigated in anaesthetized cats (pentobarbitone sodium .1 40 mg/kg 
intraperi toneally )o The studies were carried out on ·terminals located 
in the dorsal or ventral horn of the lower lumbar cord. The spinal 
cord was section~d in the lower thoracic region._ 
The centre barrel of the 5- barrelled micro~pipette was initially 
used to record extracellular field potentials produced by stimulation of 
peripheral nerves or the ventral roots ~ Subsequently , the centre barrel 
was used as a stimulating electrode (Wall , 1958; Eccles , Magni and 
Willis , 1962) and the impulses which were pr.oduced in the primary 
afferent fibres or ventral roots were recorded monophasically from the 
appropriate peripheral nerves or from the ventral rooto 
A Grass stimulator and isolation unit provided negative voltage 
pulses (Oo2 msec duration) and was connected to the micro- pipette 
(usual resistance , 5- 10 MQ) with a series resistance of 10 IiiIQ (see 
Fig. 2) . If the stimulus exceeded about 80 volts (current of 4-8 µA) , 
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it was found that the field potentials subsequently recorded through 
the electrode were inverted, indicating extensive damage to cells in 
the immediate vicinity of the electrode orifice. Therefore the 
maximum stimulus was limited to about 60 volts, and in IIBny experi-
ments it was considerably less. 
In order to stimulate the terminals with graded and repro-
ducible stiil'lllli, a resistal'l)e network was connected across the output 
tenninals of the isolation unit (Fig. 2) and the pro portion of the 
total voltage which could be applied was selected from this network 
either by means of a manually operated switch or by means of a 
stepping relay ( 'Unisele cto.r 1 ) , which was coupled to the shutter of 
the Grass camera used to photograph the oscilloscope. The network 
was designed to cover a tenfold increase in stimulus strength, but 
it was some times adequate to use a narrower range of stimulus 
intensities. 
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J.V. THE NATURE OF SYNAPTIC TRANS.MITTER SUBSTANCES IN THE 
MA.Ml4ALIAN CENTRAL NERVOUS SYST:fll! 
A) Introduction 
Adrian (1924) suggested that inhibition in the central nervous 
system {c.N.S.) was due to the liberation and action of specific chemi-
cal substances. Later, Feldberg (quoted by Dale, 1935) obtained evidence 
-for the liberation of ACh into the cerebrospinal fluid when tbe vagus 
nerve was stimulated, but Dale (1935 ) was cautious in his interpretation 
of this phenomenom and Feldberg and Schriever (1936) showed that the 
earlier results we:re due to the presence of physostigmineo However, 
it is now widely accepted that transmission across synapses in the 
central nervous system is brought about by chanioal means {see Feldberg, 
1945, 1950p 1951 1 1954, 1957; Loewi, 1945; Eccles, 1953, 1957, 196lt 
1964; ])a.le, 1954; Perry, 1956; Crossland, 1957; Paton, 1958 1 1959; 
Curtis, Phillis and Watkins, 1961; Gaddum, 1963). 
A synapse may be defined as a structure anatomically differen-
tiated and functionally specialized for transmission between excitable 
cells (De Robertis, 1958; Eccles, 1964). Since pre- and postsynaptic 
components of the synapses in the central nervous system, as well as 
those of synapses at skeletal neuromuscular junctions and in autonomic 
ganglia, are in close apposition (see De Robertist 1958, 1959; Eccles, 
1964), the synaptic transmitters may be considered to act over relati-
vely short distances and to be localized in their effects. 
Having defined the concept of a synaptic transmitter substame1 
it is now necessary to set up the criteria by which they may be recog-
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nized. These criteria have been enumerated by a number of investigators 
(Crossland, 1957; Feldberg, 1957; Paton, 1958; Curtis , 1961; Gaddum , 
1962, 1963), and they are srumnarized below: 
1) The substance must occur naturally in the C.N. S. and be stored 
at sites from which it is supposed to be liberated. 
2) Synthesizing enzymes shculd be present in the presynaptic 
neurone. 
3) Inactivating enzymes shwld be present to limit the duration 
of transnit ter-effect. 
4) Administmtion should exactly mimic the effect of the substance 
liberated by physiological stimulation of appropriate nervous 
pathways, and the site of action should be on the postsyna.ptic 
membrane. 
5) The substance should be released from the pre synaptic neurone 
in an identifiable form by appropriate excitation. 
6) The ph.axmacological interaction between the poem.lated trans-
mitter and substances which either block or enhance its effect 
should be identical with the interaction between these subs-
tances and the transmitter released by nervous stimulation. 
Since these criteria were based nninly on evidence relating to 
the function of ACh as a transmitter at periphera.l synapses, some of 
them may be superfluous when applied to central synapses. With certain 
reservations, criteria 1, 2, 4, 5 and 6 may be considered to be obli-
gatory. However, if postulate 1) bas been satisfied, then criterion 2 
follows: if a substance is present in an appropriate locality then it 
must have been synthesized or transported there. 
• 
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Criterion 3) may be unnecessary since either diffusion (Eccles 
arrl Jaeger , 1958) or 1bindihg' (Axeln>d and Tomchick, 1959; Axelrod , 
Whitby and Hertting , 1961; Axelrod, Hertting and Potter, 1962; Green, 
1962; Axelrod anl Inscoe, 1963) could be more important tla.n enzymic 
inactivation for the immediate removal of transmitter from the synapse. 
The postulated transmitter rray not necessarily act on the 
postsynaptic membrane . This follows from Koelle's hypothesis (Koelle, 
1962) trat a substame released from the presynaptic terminals rray 
release more transmitter of the same , or possibly of a different type o 
Since both substances may be concerned in the transnission of specific 
nervous infonnation across the syre.pse, both may be considered as 
synaptic transmitters . To decide between the two possible sites of 
action it would be necessary to allow all afferent connections with 
the neurone to degenerate o However, Koelle's views are not universally 
accepted (Paton, 1963; Eccles , 1964). 
In the C. N. S. it may be extremely difficult to show that a 
substarce is released in an identifiable form by adequate stimulationo 
When release can be demonstrated the origin is uncertain, and the 
release may be tle consequence a.r.d not the cause of the change in 
neuronal activity . Moreover, t~ transmitter may be rapidly inactiva-
ted by enzymes, or there may be sequestration of the released trans-
mitter by nearby tissues and this may mask any release which does 
occur: the observations of Brown and Gillespie (1957) and Blakely, 
Brown and Ferry (1963) suggest trat this phenomenom occurs at adrenergic 
te:rminals in tbe spleen~ 
I' 
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Thus the most important ori teria to fulfil, before a substance 
can be accepted as a synaptic transmitter, are numbers 1), 4) and 6), 
with the reservation that tm site of action does not rave to be on the 
postsyne.pti.c membrane. 
A number of chemical substances have been advocated as potential 
synaptic transmitters in the C.N.S. Since the evidence on which these 
claims are based has been the subject of a number of excellent reviews 
(Feldberg, 1945, 1950, 1951, 1954, 1957; Perry, 1956; Crossland, 1957 1 
1960; Paton, 1958; Floreyt 1961, 1964; Gad.dum, 1963) it is not proposed 
to reiterate this data, except in so far as it bears on the specific 
problems to be discussed. However, the pharmacological evidence on 
which many of the claims are mde is often weak (Paton, 1958). Only 
for the cholinergic synapses on Renshaw cells is the evidence at all 
strong (see section V). 
In this first major section of the thesis it is proposed to 
present evidence concerning the nature of synaptic trar.smitters in the 
mammalian c.N. s., bearing in mind the eri teria which have been enumerated. 
Firstly, in section IV B, evidence relating to the nature of tre choli-
nomimetic substame present in synaptic terminals in bra.in will be 
given: it was considered tm t the data currently available in the 
literature were inadequate. Secondly(sect:i.on IV c), the results of 
experiments on the subcellular localization of various naturally occur-
ring substances will be discussed in relation to criterion 1. In 
section IV Dare described the results of experiments carried out to 
test, by electrophoresis from a micro-electrode, the effects of electro-
phoretically and cbromatogTaphically purified extracts of a crude 
23. 
mitochondrial extract from brain on single neurones in the feline 
nervous system. Then , in section IVE , the actions of several compounds, 
and amino acids in particular, on presynaptic tenninals in the spinal 
cord are discussed in relation to their possible functions as the 
t:ransm i tters concerned in the phenomenom of presynaptic inhibition. 
Finally , the work of other investigators which throw light on the 
nature of the chemical transmitters in the marmnalian C.N.S. , w-111 be 
br' efly reviewed (section IV F) o In this section particular attention 
will be paid to the effects of drugs on single neurones when the 
substances are applied by the micro-electrophoretic technique and to 
evidence relating to the release af chemical substances from nervous 
tissue when nerves are stimulated. 
B) 
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The identification of acetylcholine in brain nerve-tenninals 
i) Introduction 
Many investigators have shown tbat a substance wi. th pharmacolo-
gical effects resembling those of acetylcholine may be extracted from 
mammalian brain (for reviews see Feldberg, 1945, 1957; Hebb, 1957, 
1963). However, in most of this early work the ACh ,vas not positively 
identified either by chemical methods, such as were used by Dale and 
Dudley (1929) to identify ACh in spleen, or by refined biological 
assay-methods, such as those used by 'Chang and Gaddurn (1933) to identify 
A Ch in horse intestine, the placenta and in the adrenal glands. A 
substance resembling ACh is also released from the cerebral cortex 
(Elliott, Swank and Henderson, 1950; Iiffacintosh and Oborin, 1953; 
Mitchell, 1963) o However, the cholinomimetic substance released from 
the cortex may be associated with metabolic processes (Feldberg, 1950; 
Whittaker, 1963) not directly involved in syraptic transmission. ACh 
is synthesized by brain extracts and this synthesized product bas been 
chemically identified (Stedman and Stedman, 1937). However, such 
extracts may also synthesize other cholinomimetic substances (Nachmansohn, 
Hestrin and Voripaieff, 1949; Middleton and Middleton, 1949; Korey, 
De Braganza and Uachmansobn, 1951; Renschler, 1956; Morris, 1961). 
Renschler (1956) demonstrated the presence of a small quantity of ACh 
(about 60 ng/g) in beef brain extracts, but, since post mortem losses 
were considerable, no estims. te could be given for the amounts of subs-
tances originally present. As yet, no conclusive evidence has been 
presented to show that the cholinomimetic substance originally present 
in brain is ACh and not a related ester (see also Ambache, 1954; 
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Pfeiffer, 1959). Such a proof is essential before ACh may be accepted 
as a transmitter in c.n.s. (criterion 1). 'i'he uncertainty regarding the 
identity of the cholinomimetic substance in brain led Pfeiffer (1959) 
to speculate that the cholinergic transmitter may be a substance 
related to acetyl-~-methylcholine, while more recently Hosein and co-
workers (Hosein and Proulx, 1960; Hosein and Ara, 1962; Hosein and 
Proulx, 1962; Hosein, Proulx and Ara, 1962; Hosein and Orzeck, 1963, 
1964) have claimed tr.at ACh represents only a small proportion of the 
cholinomimetic acti vi "bJ of brain extracts, the :predominen t activity 
being due to betaine esters and acetylcarnitineQ 
In the present experiments, advantage ra s been taken of recently 
developed techniques for separating brain homogenates i nto histologi-
caJ.ly identifiable components (Gray and ~Tnittaker, 1962; De Robertis, 
Pellegrino de Iraldi, Rodriguez de Larez Arnaiz and Salganicoff, 1962) 
under conditions 'in which synthesis would be minimal. In order to 
investigate the nature of the cholinomimetic activity of a v crude 
mitochondrial, fraction from brain, the technique of parallel biologi-
cal assay (Chang and Gaddum, 1933) has been applied. to both a crude 
extract and the various active fractions obtained by electrophoreti.c 
arrl chromtographic separation of this crude extract. The 1 crule 
mitochondrial' fraction was used in preference to a whole brain homo-
genate sirce the cholinomimetic action of the former is entirely 
attributable to its content of synaptic terminals (see section IV c)~ 
This minimised the possibility that choline esters, which were not 
associated with synaptic activity, would be extracted and so confound 
the results. 
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i i ) Theory and Results 
Before presenting results obtaine~ on extracts , it is approp-
riate to consider the usefulness and limitations of the biolog~cal and 
chemical t0chniques which have been employed to identify ACho Thus 
control experiments on cholinomirnetic substances and some quantitative 
theoretical deductions concerning the interpretation of results obtai-
ned by parallel assay will be presented in section a) . 
a) Theoretical aspects of parallel assays and control expe!iments on 
cholinomimetic substances 
Parallel assays 
'lhen the potencies of individual members of a serieo of choline 
esters are compared with one another on a variety of biological test-
preparations , the estimates are found to differ~ Therefore, if a 
solution containing an unknown choline ester is assayed a5"8.ir.,.s t knovm 
esters on several preparations, the estinated potency will vary, except 
when the substance used as a standard is identical to the unknown 
contained in the solution. This is the basis of parallel biological 
assay , first used by Chang and Gaddum (1933) to identify the choline ester 
present in horse intestine , in the placenta and in the adrenal gland. 
A number of cholinoruimetic substances bave been reported to be 
present in brain extracts . These include acetyl-, propionyl- and 
buty.rylcholine (Renschler , 1956 , Hosein , Proulx and. Ara, 1962), 
Y- aminobuty:rylcholine (Kewi tz , 1962) , a,cetylcarni tine (Hosein and 
Orzeck , 1963 1 1964) , betaine esters (Hosein and Proulx , 1960; Hosein 
and Ara , 1962; Hosein , Proulx and Ara , 1962) and imidazoleacetylcholine 
·I 
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(Gruner and Kewitz; 1955) . The relative potencies and indices of 
discrimination (Gaddum 9 1959) of some of these substances are shown in 
Tables 3 and 4 to illustrate tr.at all of those tested were adequately 
distinguished from one another by parallel biolog~cal assay. (The 
index of discrimination is the potency of the substance relative to 
ACh on a particular preparation compared with the relative potency on 
anot~r) o In addition it is known that imidazoleacetylcholine can be 
distinguished from ACh by such assays (Tabachnick , Roth, Mershon, 
Rubin , Eckhardt and Govier , 1958) . Numerous examples of the differen-
tation between other choline esters by means of this technique may be 
found in the literature (eog Chang and Gaddum, 1933; . Bannister, 
Wnittaker and Wijesundera , 1953; Holmstedt and Wbittaker , 1958; Sastry, 
Pfeiffer and Lasslo, 1960 , see also Table 5). To date it would seem 
that it is possible to distinguish between all choline esters which 
have so far been examined , including pyruvylcholine (Gaddum, 1963; 
Paton , 1963) which was earlier reported by Chang and Gaddurn (1933) to 
be indistinguishable from ACh~ Thus the method of parallel assay 
provides a valuable tool in the identification of cholinomimetic 
substances in brain, particularly when used in conjunction with chroma-
togTaphic methods , even though the chromatographic Rf values of some 
of the choline esters may be similar (see Gruner and Kewitz , 1955; 
Hosein and Orzeck , 1963; Bannister et al., 1953) ~ The value of parallel 
assays increases with the number of different preparations used g It 
is obvious that unlrn.ovm substances possessing a very low potency 
relative to ACh , unless present in amounts far greater than the ACh 
in the extract, would not contribute greatly to the ob served potency 
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on different preparations . Thus it is only possible from parallel 
assays to estimate the proportion of the total activity on a parti-
cular preparation which is due to unknown substances . To do this , it 
must be assumed trat the unknovm may be quantitatively differentiated 
from ACh in the parallel assays . This is certainly true for all choline 
and betaine esters which have so far been examined (see above) o 
The proportion of the activity due to an unknown substance may 
be calculated in the following manner from eqUq,tion (1) , given by 
Gaddum (1959) and adapted to the present problem: 
y+xQ (1) 
where Ai= observed potency of an extract (in terms of ACh) 
on preparation (i) , y is the content of ACh , x is the content of 
unknown cholinomimetic substance and Q is the relative po~ency of 
unknown to ACh on preparation (i) o 
Let the observed potency of the extract on preparation (i) 
be 100. 
From equation (1): -
100 = y + X Q., 
Thus y = 100 - x Q. 
Let the unlrn.own be I times more potent , relative to ACh, on 
preparation (ii) than on preparation,(i) i. e . the index of discrimina-
tion = I . 
The observed potency (Aii) on preparation (ii) is now given 
by: -
A· . 
-
( 100 - X Q) + X Q I • (2) 11 
and the ratio of the two observed potencies (R) is given by 
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the expression 
100 R = ---------- (3) 
(100 - X Q) + X QI 
Now a consideration of the relative potencies of different 
choline esters and betaines on a variety of test objects shows that the 
best differentiation is usually achieved when comraring results 
obtained on nicotinic receptors, such as those of the rectus abdominis 
muscle, and muscarinic receptors, such as those of smooth and cardiac 
muscleo (See Tables 3 and 4). Furthermore the index of discrimira.tion 
is at lea.st 10, and in ~ny cases is considerably more. 
Let.it be assumed that the index of discrimination between the 
unknown cholinomimetic substance and acetylcholine on two preparations 
is 10, i.eo in fo:m ula (2) I = lOo The variation in apparent potency 
in experiments on brain extracts (see next section and Table 2) was 
about 20 per cent. Thus the ratio of o·bserved potencies , {R), was Oi)8. 
Substituting these values for I and R in equation (3): 
100 o.e = ~~~~~--~~~-
(100 - X Q) + 10 X Q 
Therefore, x Q = 2.8. 
From equation (1) it is apparent that with A= 100, x Q is 
the percentage of the potency due to the unknown on preparation (i). 
Thus on preparation (i) the maximum percentage of the observed 
activity (Pi) due to an unknown cholinomimetic is 208 per cent. 
From equation (2) 1 tbe maximum percentage of activity (Pii) on 
preparation (ii) due to an unknown, is given by the _ expression: 
or 
p .. = l.1 
300 
. 100 
p .. 
11 
= -· ___ x_"_I ___ _ 
(100 - xQ) + xQ,I 
Since I = 10 arrl xQ = 2 Q8. 
P· · = 22 per centg 11 
olOO 
If other values for I are taken, tren for I = 5 or 20 , it may 
be calculated that Pi is 6. 2 or 1. 3 per cent respectively, and Pii is 
25 or 21 per cent respectively. 
It may be concluded from these calculations that not more 
than 20-25 per cent of the activity of an extract could be due to an 
unknown on a:ny preparation , if the extract were comJ:ared with ACh on 
a nuriber of biological test preparations , and the results did not vary 
by more than about 20 per cent. A proportion , at least , of the variation 
in actual experiments would be due to experimental error. In biological 
assays it is not uncommon for this error to be of the order of 10 per 
cent . The experimental error was not detennined in the present experi-
ments, but due to the limited amount of material available for assay, 
this figure (10 per cent) would not be unreasonable. If allowance for 
an experimental error of this order is introduced into the preceding 
calcula. tions , then the max:i.mum percentage of the activity due to an 
unknown would be halved. This figure (12 . 5 per cent) may of course 
still be an over estimate o Nevertheless , it is adequate for the present 
purposes . 
Electrophoresis and chromatog-rapp.y 
In addition to detecting the presence of unknown cholinomimetic 
substances by parallel assays , some of the substances said to be present 
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in brain could be differentiated from ACh by their electrophoretic or 
chrom tographic behaviour (Table 6). Propionylcholine, ,!!-butyrylchol.ine, 
acetyl-f3-methylcholine, Y-butyrobetaine methyl ester and acetyl-D 
carnitine had higher Rf values than ACh, whereas Y-aminobutyrylcholine 
had a lower value. Thus, with tle possible exception of acetyl-DL-
carnitine all of these compounds would probably have been differentiated 
chromatographically from ACh. Exept for acetyl-DL-caniitine the electro-
phoretic mobilities were similar to that of ACh. Thus it was convenient 
that acetylcarnitine, which was not adequately differentiated from ACh 
chroma tographically with the buffered solvent-system used in the present 
work, h:td a much lower electrophoretio mobility, and if present in the 
extract would rave been found in fraction A, whereas ACh was mainly 
present in fraction B, (see section iii')~ 
In trial experiments with approximately 10 µg of ACh the recovery 
from paper chroma togra.ms or electrophoretograms, estimated by biological 
assay of the eluates on the @l inea pig ileum, ranged from 80 to 96 per 
cento However it was not certain tr.at other cholinomimetic substances 
would also be recovered in good yield after being subjected to electro-
phoretic and chronatographic procedures. It was therefore of more 
relevance to determine the recovery of all cholinomimetic activity• after 
subjecting the extract to the separation procedures, in addition to 
examining the crude extract for the presence of substances other than 
AGh by the method of parallel assayo Results obtained in these experi-
ments are shown in sections band Co 
b) Parallel biological assays on crude extracts 
The results obtained in parallel assays performed on two crude 
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mitochondrial (P2) extracts after incuba tion with chymotrypsin are 
shown in Table 7 o On all preparations with the exception of toad atriap 
the apparent cholinomimetic activity, expressed in terms of ACh, did 
not vary by more than about 20 per cent . However , the estina ted 
aotivi ty on toad atria was lower , al though this discrepancy was slightly 
reduced in the presenc e of physostigmine , which approximately doubled 
' the sensitivity of t:00 preparation to ACh. The low figure is attri-
buted to the presence of an interfering stimulant subs t ance , since low 
doses of the extract increased the force of contraction of the :perfused 
toad heart (Figg 3A , El) . In higher doses there was an ACh- like depres-
sant effect followed by a stimulant effect (Fig. 3A , E2) . The depres-
sant , but not the stimulant effect , was abolished by treating the extra-
ct with alkali . Since the stimulant effect was not seen on the atria 
(Fig. 3B , El) it is assumed that the whole heart was more sensitive to 
the action of the stimulant substance than were the atrm . Neverthe-
less there may have been enough <bf the stimulant present to counteract 
partially tre action of tlE ACh in the extract o However , the obser-
vation that the cholinomimetic activity of the cbromatographically 
purified frac tion was estimated to be the same whether assayed on 
toad atria or on the other preparations (see FigQ 4 and 5) substantiate 
the o oncl us ion that the low figure for the crude extract on toad atria 
was due to an interfering substance o 
On the toad reotus untreated with physostigmine , Extract 2 was 
estimated to contain 20 per cent more acetylcholine than was estimated 
on the guinea pig ileum. However , if allowance was made for sensitising 
\ 
substances by comparing the potency of the extract with that of another 
' 
sample of extract , to which ACh bad been added after the alkali labile 
choline esters had been inactivated by treatment with NaOH (Feldberg 
and Mann , 1945) , then a lower value was obtained (Table 7). 
The actions of the ext racts were abolished by the administra-
tion of atropine (on the ileum, blood pressure and atria) or d-tubocu-
rarine (on the rectus muscle) , thus establishing the cholinomimetic 
nature of the effects. 
As was shown earlier, if a cholinomimetic substance other than 
ACh had contributed more than about 20- 25 per cent to the activity, 
then a variation in the assay figures by more than 20 per cent would be 
expected. The actual variation was of this order. However , some at 
least of this variation can be attributed to experimental error (see 
section a) , and there are two additional factors tba t make it unlikely 
that any significant proportion of the cholinomimetic activity was due 
to substances other tmn ACh. Firstly , the dose- response curves for ACh 
and the extract were always similar. Secondly , it was noted that the 
rate of contraction of the toad rectus , which varied greatly with diffe-
rent cholinomimetic substances , was similar for ACh and the brain 
extract . "Examples of substances producing rapid contractu.res are acetyl-, 
propionyl-, _!!- butyryl- and acetyl-(3-methylcholine, whereas other subs-
tances , such as betaine esters , Y- aminobutyrylcholine, acetyl- Dl-carni-
tine and carbamylcholine produced slower contractures, al though the 
effects at equilibrium were similar. Some examples of fast and slow 
contraci:llres are illustrated in Fig. 6. 
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Hosein et a.l., (1962) claim that most of the cholinomimetic 
activity of brain extracts was due to substances other than ACh. It 
was considered possible that the failure to substantiate this claim in 
the present experiments was due to the method of extraction. Hosein 
et alo ,extracted brain with trichloracetic acid. Therefore in one 
experiment a 'crude mitochondrial' preparation was extracted in this 
way instead of by the usual acid and heat trea tmen to The results of the 
parallel assays were no different from those obtained by the usual 
methodo Thus there was no evidence that the failure to demonstrate the 
presence of a cholinomimetic substance other than acetylcholine was 
attributable to such differences in the method of extraction. 
c) Parallel biological assays on the purified fractions obtained by 
electrophoresis and chromatography 
The eluates obtained from the electrophoretograms and subsequen-
tly chromatographed contained all the substances which migrated as 
cations at pH 4, and had an electrophoretic mobility from zero up to 
four times that of ACh. Thus the eluates might be expected to contain 
all cholinomimetic substances which have been demonstrated or suspected 
to occur in brain extracts. The electrophoretic mobilities and chroma-
tographic behaviour of authentic samples of some of these cholinomi-
metic substances are given in Table 6. In other experiments, anionic 
substa.~ces eluted fn>m electrophoretograms of crude mitochondrial 
extracts have been examined and contained no additional cholinomimetic 
activity. 
Of the five el~ctrophoretic fractions~. B, C9 D and E which 
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corresponded to substances located - 1 to +3, 3 to 7, 7 to 11, 11 to 15 
and 15 to 19 cm respectively fr-om the origin in the direction of the 
cathode, activity was found in A, Band Co The results on the eluates 
obtained after cm-omatography of each of these fractions are plotted in 
Fig. 4, which shows the total amount of activity (as ACh bromide) in 
each eluate. In canying out these tests, sufficient eluate was taken 
to ensure tbat the activity of any fraction which contained as little as 
two per cent of the total activity could be detectedo 
Fraction A (-1 to +3 cm, Fig. 4 A) 
Fraction A contained unionised substances and substances having 
a low anionic or cationic mobility at :pH 4. After chromatography of 
this fraction, eluates of the strips corresponding to Rf 0.1 - 0.2 and 
0.2 - Oo3 caused the guinea pig ileum to contraoto The total activity of 
these strips was equivalent to 0.5 and loO µg of ACh bromide respecti-
vely. They also caused pro longed contractures of tl'B toad .rectus muscle 
and depressed the size of the contractions of toad atria. The effect on 
toad atria wa~ not reproducible with repeated doses. All these effects 
were not cholinomimetic in nature since they were not blodced by atro-
pine on the guinea pig ileum or by d-tubocurarine on the rectus muscleo 
The effects of these eluates were attributed to the presence of triethyl-
amine, for tvVO reasons. First, the active eluates ilil.ad an odour of trie-
thylamine and the presence of this compound was substantiated by chroma-
tography in a pyridine/acetic acid/water/1-butanol (3:8:11:33, by volo) 
solvent system: a strong ninhydrin-positive spot appeared at the same 
Rf as that for triethylamine chloride (0.7). Second, the biological 
effects of trie thylamine were identical with those of the eluates. In 
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another experiment in which the brain extract was subjected to electro-
phoresis and chromatography in buffer systems containing pyridine in 
place of triethylamine (see below), similar bands of biologi.cal activity 
were obtained o In this instance , the activity was attributed to pyridine , 
which had bi~ogical activity similar to that of the eluates, and was 
detected spectrophotometricallyo 
Fraction B (+3 to +7 cm , Fig. 4B1, B2) 
This was the most interesting of the fractions obtained on 
electrophoresis , since it should have contained most of the choline 
esters and betaine ester s present in the extract (Table 6) . 
The results obtained on fraction Bare illustrated in Figo 4B1 
and 4:B;z o Three peaks of activity were noted . The Rf value of the 
largest of these peaks (Peak 2) was about 0. 5 which corresponded to 
that of ACh (Table 6) 0 Figo 4~ illustrates how the activity was 
sharply localised to one band at Rf Oo49. In Fig. 4B1 the activities 
of this band and those of the two adjacent bands were pooled to give the 
single value (Peak 2) which is plotted at Rf 0449 . The estimated potency 
of this band (12 ~4 to 14o2 µg) did not vary by more than 15 per cent on 
any of the four preparations (g11inea pig ileum , toad recu~s , toad atria 
and rat fundus) on which it was tested . From the equations given earlier 
it can be calculated thlt , assuming a discrimination index of 10, the 
maximum proportion of the activity which could have been due to substan-
ces other than ACh and wmch exhibited identical chromatographic beha-
viour , was approximately 17 per cent . It is of particular interest to 
note that toad atria gave a much closer potency estimate to that obtained 
on the other preparations, than was found when. testing crude extractso 
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The actions were completely abolished by appropriate pretreatment of the 
preparations with atropine, hyoscine or d-tubocura:ci.neo Furthermore, 
comparisons of the dose-response curves on each of the preparations where 
sufficient data, were obtained revealed no differences from those of 
authentic acetylcholine (Fig~ 5), and on the rectus abdominis prepara-
tion the time courses of the contracture and recove~J were similar to 
those of acetylcholine{Fig. 7)o Fig. 5a and 5b show that physostigmine 
potentiated the actions of authentic ACh and the brain extract on the 
toa.d rectus to the same degree. This may be taken to indicate tmt both 
ACh and the choJinomimetic substance in brain are broken dovm by choli-
nesterase to a quantitatively similar extent~ This battery of observa-
tions thus provides substantial evidence tba t the activity of the band 
was due to ACh and not to a rela. ted ester. 
However, interpretation of the chromatogr~phic examination of 
frac.tion B was complicated by the additional peaks of activity (Figo 
4B1, peaks. land 3) at Rf Oo31 and 0.96, representing the equivalent of 
about 3 and 1 µg of' ACh bromide respectively on each of the four prepa-
rations. Since there was little variation in the estimates from prepa-
ration to preparation and because the effects were blocked by atropine, 
hyoscine or d-tubocurarine, it seemed probable tba t the activity of 
these fractions was also due to ACh. The different locations of the 
ACh on the chromatograms were attributed to binding by the other compo-
nents of the lliixtureo When the residuum of these two active samples was 
rechromatographed in the original solvent system, and the eluates 
assayed on the toad atria, all of the activity was recovered from a band 
corresponding to Rf Oo5 (Fig. 8)0 The apparent low recovery (compire 
Fig. 8 with Fig. 4) is due to the removal of some of th3 sample for the 
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assays described above . Thus the activity of all three peaks in frac-
tion B may be attrib.l.ted to ACho 
It was estimated that 2lo4 µg (as ACh bromide) of active material 
were applied t.o the papers for electrophoresis . This figure rrakes allo-
wance for the amount of material lost in cutting off the side strips and 
is the average of the values determined on the guinea pig ileum , the 
toad rectus muscle and guinea pig atria . The total activity attribu-
table to ACh , which was recovered from fraction B after chromat.ography, 
was estimated to be 16o4 µg on the guinea pig ileum , 18. 5 µg on the rat 
fundus , 17 µg on the toad rectus and 18o3 µg on toad atria. The average 
of these values is 17 . 6 µg which represents 78 per cent of the applied 
material . It is particularly significant that there was no activity at 
the Rf corresponding to propionyl- or !!_- butyrylcholine (Table 6). 
The Rf of Y- aminobutyrylcholine is about 0. 2 (Table 6) and no 
activity in fraction B was detected in this regiono Y- Aminobutyryl-
choline was quite inactive on t:te guinea pig ileum and toad atria (Table 
3) , but the toad rectus was sensitive to about 25 to 50 µg per mlo 
Since only one tenth of the sample was tested it rra.y be concluded that 
the sample contained less than 250 to 500 µg of this relatively inactive 
substance o Since the amount of the extract analysed was equivalent to 
16o5 g of freBh bruin , it may therefore be concluded that the crude mito-
chondrial fraction from brain contained less than 15 to 30 µg of 
Y- aminobutyrylcholine per gram of brain . Kewitz (1962) estimated the 
Y-aminobutyrylcholine content of rat brain to be 142 x 10- 9 moles/brainD 
This is equivalent to 21 µg of Y-aminobutyrylcholine chloride per gram of 
brain , as~ming a brain weight of 1. 5 g , which is the approximate weight 
of the fore brain of :rats weighing about 250 g. Thus the rectus was 
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barely sensitive enough to detect Y-aminobutyrylcholine at concentra-
tions of this ordero 
Results similar to those described in this section were also 
obtained in experiments in which pyridine replaced triethy·lamine in the 
solvent systems (see below)~ 
J?raction C (+7 to +11 cm, Figo 4:C) 
Fraction C contains si...bstances of slightly greater ionic mobility 
tl~tn fraction Bo The only activity detected in the cr~omatographic 
subf:ractions of fraction C was ch olinomimetic in nature t since it was 
abolished by the usual blocking agents. Fur therm ore, it appeared to be 
ACh since on three preJ;E.rations there was no significant difference in 
the activity when compared with authentic .4.Ch, and the Rf of the active 
band coincided vdth that of authentic ACh (Fig. 4C)o The activity of 
this band was equivalent to 3 µg of ACh when assayed on the guinea pig 
ileum~ It was estimated to be 206 µg on toad atria and 2o2 µg on the 
toad rectuso The average of these values is 206 µg and represents a 
further 12 per cent of the active na terial takeno 
Thus the recovery of ACh in fractions Band C represents 90 per 
cent of the amount of cholinomimetic substance taken from the crude 
extract, and is· similar to the recovery of authentic acetylchcline (see 
section ii ,a) o 
Fractions D and E (+11 to +19 cm) 
Both of these fractions were completely inactive on all tests 
d) 
40. 
Experiments in which pyridine-containing buffer solutions were 
employed 
When electrophoresis and chromatography was carried out in 
buffered solutions containing pyridine, instead of triethylamine as in 
the previous experiments, the results were more complicated. However , 
the main finding was reproduced: all of the cholinomimetic activity, i.e. 
effects on the guinea pig ileum, toad rectus and toad atria which were 
blocked by atropine or d-tubocurarine, was recovered from a single band, 
corresponding in electrophoretic mobility• chromatographic behaviour and 
parallel assay (Fig. 9) to ACho 
The Rf of ACh in this solvent system was Oo5 - 0.6. In the 
chromatograms of all cationic fractions and the neutral fraction there 
was an additional peak of activity on the toad rectus (see Fig. 9). 
These additional aetive regions of the paper chromatograms had hieiler 
Rf values (0.65 - 0.8) than ACh and were absent from the chromatograms 
of anionic fractions. The activity was not blocked by d-tuboa.1.rarine, 
which shows that it was not caused by a cholinomimeti.c substance. When 
sheets of S.S. pa.per were eluted with pyridine-containing buffer , and 
the eluates chroma tographed as before, a similar band of activity was 
obtained (Fig. 10) and the active material beh9.ved as a cation on electro-
phoresis at pH 4. Figure 11 illustrates the effects of an eluate from 
chromatographic paper on the rat fundus, toad rectus an:l toad atria. 
The activity was increased when the paper was first subjected to electro-
phoresis. Thus it is concluded tba.t this biologically active material 
did not originate from the brain extract. The residue obtained by 
freeze-drying a sample of buffer which had been refluxed on a boiling 
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water bath for 0.5 to 1 hr had a similar effect on the rectus, but a 
sample which had not been refluxed bad no aoti vi ty. The a.mount of acti-
vity obtained after refluxing varied with the commercial brand of acetic 
acid from which the buffer was constituted, but pure acetic acid or pyri-
dine possessed no activity wren they were refluxed a1one. Active material 
was also obtained when glass paper (Wha.tma.n, Type GF/B) or silica gel was 
eluted. These facts suggest that the active compound is formed by the 
interaction of pyridine with anionic substances from paper, glass 
paper, glass, silica or from the reagents themselves under suitable 
conditions. It was noted that when the active residues were injected 
into the Ringer solution in the organ bath there was marked foaming. 
Since detergents, such as cethyl-trimethylammonium ('Cetavlon') in low 
concentrations also produced prolonged contractures of the rectu s, 
(Fig. 12), it is possible that the unknown compound was of a similar 
type. However, no attempt was made to identify pyridine in the eluates 
of all of the active fractions from chromatograms of bra.in extracts. 
It will be- recalled (see page 35) that when bra.in extracts were 
electrophoresed and chroma tographed in the triethylamine-containing 
buffer, the activity at Rf 0.1 - 0.3 of the neutral fraction (A) was 
attributed to the presence of triethylamine (Fig. 4A). Activity at a 
similar Rf in the neutral fraetion (Fig. 9A) was foun:l when the separa-
tions were carried out in the pyridine-containing buffer. In this case, 
the action of the eluate could be attributed to pyridine. The pyridine 
was detected and assayed spectrophotometrically and Fig. 13 illustrates 
the ultraviolet absorption spectrum of the active eluate in comparison 
with tba t of pyridine. The pyridine was probably associated with ethano-
iJ 
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lamine phosphate, which was shown to be present by chromatographic 
methods. 
Biologically active material could also be eluted from unwashed 
chromatographic paper by solvents which did not contain an organic base. 
This material could be removed by careful and prolonged washing of the 
paper (section III B), but its nature has not been determired. 
iii) Discussion 
Ambache (1954) obtained inconclusive resuts when attempting to 
resolve the question of the identity of the cholinomimetio substance in 
guinea pig and rabbit brain by comparing the activity of the extracts on 
the frog rectus and guinea pig ileum. Welsh (1943) observed that the 
. 
ACh equivalent of rat brain was consistently less when estimated on 
frog heart than on the heart of Venus mercenaria. !!,-Butyrylcholine is 
said to be present in brain extracts (Holtz and Schumann, 1954; Hosein, 
Proulx and Ara, 1962; Hosein ani Orzeek, 1964), but these results are 
not supported by the observations made by Renschler (1956) or by Keyl 
(1963). Recently, Kewitz (1962) has produced evidence for the presence 
of considerable quantities of Y-aminobutyrylcholine and an unidentified 
choline ester in brain extractso Hosein and co-workers (Hosein and 
Proulx, 1960; Hosein and Ara, 1962; Hosein and Proulx, 1962; Hoseint 
Proulx and Ara, 1962; Hosein and Orzeck, 1963, 1964) consider th:t t 
acetylcholine contributes only slightly to the cholinomimetic activity 
of brain extracts, and claim that betaine esters related to Y-butyrobe-
taine and acetylcarnitine were largely responsible for the activity. 
The present experiments were designed to shed some light on the 
identity of the cholinomimetio substance present in synaptic terminals 
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in brain~ The cholinomimetic activity of the 1 crude mitochondrial' 
prepa.ra tion from bra.in is assooia ted vri th the presence of nerve terminals, 
and represents about 70 per cent of the total activity of a homogenate 
(Whittaker, 1959; Gray arrl Whittaker, 1962; De Robertis, et alG, 1962; 
section IV c)4 This crude mitochondrial preparation was used to increase 
the likelihood that any cholinomimetic substance detected would be 
derived from the nerve terminals and that presumably it would be asso-
ciated with synaptic activity rather than with metabolic functions of 
the tissue (Feldberg, 1950). 
The results indicated that the cholinomimetic activity of the 
terminals could be attributed to ACh and not to a related substance~ 
This conclusion is based upon a number of criteria. Parallel assays of 
the crude extract upon several isolated organs showed that, except on 
toad atria, the activity,estimated relative to ACh, did not vary by more 
t~n about 20 :per cento The low value obtained on toad atria was 
attributed to an interfering stimulant substance which could be demons-
trated on the isolated, perfused toad heart. Furthermore, after electro-
phoretic and chromatographic separation of the extracts, assays on toad 
atria yielded results comi:arable with those obtained on other preparationso 
The cholinomimetic nature of the activity was danonstrated by the blocking 
actions of atropine, hyoscine or d-tubocurarine. Inactivation of choli-
nesterase by treatment w.i.th eserine or neostigmine did not influence the 
result, which indicated that the active substance and ACh were inacti-
vated by cholinesterase to a quantitatively similar degree. Qualitatively, 
a.swell as quantitatively, the effects produced by the extract and ACh 
were similaro This was particularly significant on the toad rec'bls 1 
where the actions of many substances, including choline esters, betaine 
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esters and acetylcarnitine, differed from that of ACh in the rate at 
which the contractures reached equilibrium. The slopes of the dose-
response curves obtained for the extracts were similar to those of 
ACh in all experiments in which sufficient data were obtained. 
These results on the crude extracts alone provide substantial 
evidence that the cholinomimetic activity was due to ACh an:i not to 
a related substance. The validity of this conclusion is based upon the 
assumption that all cholinomimetic substances can be differentiated 
from one another by the method of parallel assay. This assumption 
bas been validated for all cholinomimetic substances so far investigated 
(Chang and Gaddum 1 1933; Bannister, Whittaker and Wijesundera., 1953; 
Holmstedt and ~'hittaker, 1958; Sastry Pfeiffer and lasslo, 1960; Gaddum, 
1963; Paton, 1963)0 In addition, it has been shown that Y-butyrobe-
taine methyl ester, a.cetyl-DL-oarni tine, Y.-.aminobutyrylcholine and 
Y-propiobetaine methyl ester, can also be differentiated by parallel 
assays. It was shown that for substances with an index of discrimina-
tion of ten, if about 20 per eent of the activity were due to compounds 
otrer t~.an ACh, they would have been detected in the present experi-
ments. Although Hosein and Orzeck (1963) state that the potency of 
acetylcarnitine on the frog rectus was only slightly less than ACh, 
in the :present experiments it was found to have an extremely low potency 
on all preparationso However, the present observations are in agreement 
with those of a number of other investigators (for references, see 
Fraenkel and Friedman, 1957). Some of the observations made on the 
acetylcholine-like effects of acetylcarnitine are confounded by the 
presence of acetyloholine as a contaminant in the preparations (Fraenkel 
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and Friedman, 1957). 
However, the conclusions in tre present investigations are not 
based merely upon parallel assays on the crude extra.ct, but also upon 
the electrophoretio and chrona to graphic behaviour of the active subs-
tance. Chromatography was carried out in buffered solvent-systems in 
an attempt to reduce the incidence of aberrant mobilities which a.re 
known to occur in unbuffered systems (see Whittaker, 1963). When the 
extract was subjected to electrophoresis at pH 4, most oft~ original 
biological activity was recovered from a band corresponding to A,Ch in 
ionic mobility (Fraction B). A small amount was recovered from a 
slightly more cationic band (Fraction C), but this was presumably due 
to the failure of all eleotrophoretograms to run in an absolutely 
identical fashion. There was some activity in the band situated 
between -1 to +3 cm from the origin (Fraction A). However, the acti-
vity of this band was not cholinomimetic in nature since it was not 
affected by treatment of the biological preparations with atropine or 
d-tubocurarine. Triethylamine was shown to be present in the active 
eluates ani the activity of these eluates was attributed to triethyl-
amine. Presumably triethylamine from the buffer had formed salt linkages 
with anionic groups of some of the components of the extracts. 
Cbrcma tography of the eluates obtained from the electrophoreto .. 
grams showed that 80 per cent of the active cholinomimetic ru.bstance 
had an Rf value which corresponded to t:tat of ACh (Rf o.s) in tm 
solvent system. The active substance eluted from this region of the 
chromatogram behaved in a qualitative a:td quantitative fashion like 
ACh in all tests. This sibstance was also applied electropboretically 
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to single Renshaw neurones in the cat spinal cord (see section IV D) 
and its action was indistinguishable from that of authentic ACh. Thus, 
not only did the substance correspond to ACh chromatogTaphically and 
in parallel assays on isolated organs, but is also corresponded to ACh 
in tests on neurones in the central nervous system. 
Fifteen per cent of the recovered cholinomimetic activity was 
located on the chromatograms at Rf Oo3 and a further 5 per cent at Rf 
0.96. The parallel assays suggested that the activity of these frao~ 
tions was also due to ACh. This conclusion was substantiated by the 
evidence tbat on rechromatography of both fractions, the active subs-
tance was eluted from the band having the same Rf as ACh (Rf o.s). 
Since the electrophoretic separation was carried out in an acetate 
buffer all cations should ba.ve been present as the acetates. Thus 
the complex behaviour of the ACh on chromatography could not have been 
due to mixtures of anions (Whittaker, 1963) 1 but some of the components 
of the extract, although cationic at pH 4, may have contained anionic 
groups capable of binding some of the ACh in preference to triethylamine 
in the chromatographic system. 
Ninety per cent of the original cholinomimetic activity of the 
crude extract was recovered after purification by electrophoresis and 
chromatography, and all of this could be attributed to ACh. A similar 
loss occurred when ACh was subjected to the same procedures. Therefore, 
it seems unlikely that the failure to detect substances other than ACh 
was due to losses during separation. Furthermore, the a.mounts of 
eluates tested would have enabled the detection of as little as about 
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2 per cent of the activity at an Rf different from that of ACh. 
It should be emphasised that the techniques used in the present 
investigation would not have detected the presence of even relatively 
large amounts of very inactive substances such as Y-aminobutyrylcholine, 
\ 
acetylcarnitine or choline. However, the results clearly demonstrated 
that the cholinomimetic activity estimated on the guinea pig ileum and 
atria, rabbit atria, rat blood pressure, toad rectus and atria and rat 
fundus was not due to these substances to any marked degree. 
Thus it is concluded tm t the cholinomimetic action of extracts 
of synaptic terminals from rat brain is due to acetylcholine and the 
conclusions of Hosein and co-workers (loc.ci t.) that tre cholinomime-
tic activity of brain extracts is due to other substa.oo es is not 
substantiated. Since this work was completed, several groups (Pepeu, 
Schmidt and Giarrran, 1963; McLennan, Curry and Walker, 1963; Grossland 
am Redfearn, 1963) have produced convincing evidence ths.t the results 
obtained by Hosein et al., may have been due to the aberrant behaviour 
of ACh in the unbuffered solvent-systems which were used. 
A serious objection to tre se present conclusions would arise 
only if it could be shown that naturally occurring substances, for 
instance the betaine coenzyme A esters described by Hosein and co-
workers (Hosein, Proulx and Ara, 1962; Hosein and Orzeck, 1964), cruld 
not be differentiated from ACh in all the tests which J::ave been applied 
in this investigation. This is oo nsidered to be unlikely for the 
reasons given above. Furthermore, the betaine esters are not hydrolysed 
by cholinesterase (Hosein, Proulx and Ara, 1962), whereas in the present 
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work it was sJ;.own tmt inhibition of cholinesterase did not affect the 
apparent acetylcholine content of the extracts, which implies that the 
extracts and acetylcholine were hydrolysed by cholinesterase to the 
same extent. 
Hosein am Orzeck (1964) found tmt there was more !!_-butyryl-
choline than ACh in extracts from calf brains. In the present experiments 
less tr.an 2 per cent of the cholinomimetic activity in rat brain terminals 
was due to !!_-butyrylcholine: sire e a-butyrylcholine is about three times 
as potent as ACh on the toad rectus (Table 3), it may be concluded tlat 
the ratio of _!!-butyrylcholine to ACh was less than 1:100 by weight. 
The high proportion of ,!!-butyrylcholine found by Hosein and Orzeck 
(1964) in calf brain may be due to a rapid and marked post mortem loss 
of ACh, coupled with the post mortem synthesis of ,!!-butyrylcholine 
(Renschler, 1956). 
The experiments described in this section have demonstrated that 
I 
ACh is a naturally occurring substance in the central nervous system. 
It therefore satisfies the first requirement of a synaptic transmitter 
(criterion 1, see page 20 ). In the next section (IV c) other evidence 
relating to criteria 1, 2 and 3 {see page 20 ) will be presented, and 
in later sections some experimental support for the remaining criteria 
will be discussed. 
c) 
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Evidence concerning transmitter function derived from studies of 
subcellular distribution 
i) Introduction 
Criterion l (section IV A, see page 20) states tmt a substance 
considered to be a tra.ns::nitter should be stored at those sites from 
which it is supposed to be liberated. Synapses in the central nervous 
system are anatomically well defined structures, and a characteristic 
feature is the occurrence of numerous 'synaptic vesicles' (De Robertis 
and :Bennett, 1954; De Robertis, 1958) within the presyna.ptic termimls 
(De Robertis, 1959; Pala.de ain Palay, 1954; Palay, 1956, 1958; Whittaker 
and Gray, 1962). It has been said that the ves:i cles contain the stored 
transmitters (see previous references and ]Jccles, 1964), but MacIntosh 
(1963) bas questioned this interpretation and supports the suggestion 
that tbe observed structures may not in fact be vesicular in nature 
bu a cx:>mplex system of tubules (see also, Robertson, 1960, 1961) and 
that these structures may not store the transnitters. Nevertheless, it 
could be expected that the transmitters wruld be concentrated in the 
tenni:nals to a greater extent than in the remainder of the neurone, 
and, accepting for the moment the usual interpretation of the function of 
synaptic vesicles, the transmitters might be even more concentrated in 
the vesicles. A study of the localization in different portions of the 
neurone of substances of interest as possible transmitters could yield 
valuable i.nfornation in relation to ori terion 1 (see page 20) regarding 
the function of these substa.noeso 
The first step in this direction was taken by Hebb and Whittaker 
(1958) and Whittaker (1959). They applied the techniques of differential 
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and density-gradient centrifugation to an analysis of the sub cellular 
distribution of A~h and cholinesterase in brain homogena tea. They 
found that most of the bwnd acetylcholine-like substance, which ms now 
been shown to be ACh (section IV A), and choline acetylase was located in 
a subcellular fraction lighter than mitochondria. It was originally 
suggested tba t this fraction contained mainly vesicles of a size comparable 
with tl:at of synaptic vesicles (Whittaker, 1959), but later it was 
shown that tba fraction contained mainly pinched-off nerve-endings 
(Gray and Whittaker, 1962) and that the vesicles were produced as 
a consequence of the fixation procedure. These firdings were confirmed 
by De Robertis, Pellegrino de Iraldi, Rodriguez de Lorez A.rnaiz and 
Salganicoff (1962), who used a slightly different technique. De 
Robert is et al~ , distinguished two nerve-ending-fractions, one of which 
contained the ACh an:l acetylcholine esterase ( the cholinergic nerve-
ending-fraction) and another which contained little ACh (the non-choli-
nergic nerve-ending-fraction). Very recent evidence has indicated tba t 
the ACh is further localized in the synaptic vesicles (De Robertis, 
Salganicoff, Zieher and Rodriguez de Lorez Arnaiz, 1963; De Robertis, 
Rodriguez de Lorez Arnaiz, Salganicoff, Pellegrino de Ira.ldi and Zieher, 
1963; Whittaker, Michaelson and Kirkland, 1963, 1964). There is, 
however, a dispute between these two groups of workers regarding t he 
distribution of the enzyme concerned with the synthesis of ACh, and at 
present it is not possible to decide between the two opposing views. 
Thus the localization of ACh fulfills criterion 1. It was 
therefore of interest to determine the subcellular distri bution of other 
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substances which are candidates for the role of transmitter, and the 
results of such a study are reported in the following part of the 
thesis. 
ii) Results 
The various subcellular fractions obtained in the present inves-
tigation (see section Ill A) were similar in gross appearance to those 
obtained in previous studies in which fractionation was monitored elec-
tronmicroscopically (De Robertis et al., 1962; Whittaker, 1959; Gray and 
Whittaker, 1962). Since the amounts and distribution of ACh were also 
similar (see below) it seems justifiable to conclude that the subcellu-
lar particles were also comparable. Before discussing the subcellular 
distribution of the var~ous substances, it will be convenient to desc-
ribe first the characteristics of the particles which are obtained, 
and to discuss certain theoretical aspects of the distribution. 
a) T~es of subcellular particle 
The method of obtaining the subcellular particles is described 
in section III A (see also Tables 1 and 2). The primary fractions (Pl, 
P2, P3 and S), obtained by differential centrifugation, are apparently 
similar morphologically, regardless of the minor differences in techni-
que employed in the two basic methods {see Gray and Whittaker, 1962 and 
De Robertis et al. 1 1962). 
Pl, the 'nuclear' fraction, contains cellular debris, nuclei 
and any erythrocytes which were present in the original homogenate. It 
is the heaviest of the subeellular fractions, and is sedimented in 
low centrifugal fields. 
P2 1 the 'crude mitochondrial' fraction contains a wide variety of 
particle types. Among these are included mitochondria, nerve-ending-
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pa.rtioles 9 myelin fragments and a number of microsomes. 
P3 , the 'microsomali fraction ms not yet been analysed in detail 
by electronmicroscopy. However 9 it seems to contain predominently 
vesicles of microsomal dimensions . 
s, the supernatant or 'cytoplasmic' fraction, contains the 
soluble cytoplasmic components and ribosomes which have not been 
previously sedimentedo 
Fractionation of P2 in density- gTadients yields the follovdng 
subfractions: the subfractions obtained by method (a)(Table 1) have 
no suffix but the subfractions obtained by method (b)(Table 2) are 
denoted by the suffix 1 (see also Fig. 1). 
A or A1 contains minly myelin fragments. 
B is a complex formad by small fragments of nerve~enii:ngs, curved 
manbranes of synaptic type , some myelin fragments and vesicles of 
microsomal size . 
C consists mainly of nerve- errlings containing synaptic vesicleso 
D also contains numerous nerve- endings. 
Bi contains all those eleroonts present in B, C and Do 
E or C1 consists almost entirely of free mitochondria. 
This description is based upon the electronmicroscopic pictures of 
De Robertis et alo , (1962) ani Gray and Whittaker (1962). 
b) Theoretical aspects of the dist:r:i rut ion 
The:re are two ways in which a substance may exist in a tissue; it 
may be t free or it may be 'bound to In the present context the term 
1 bound 1 will be taken to indicate the state in which a substance, when 
present in a tissue, requires some form of treatment, other tban simple 
'I 
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homogenization, to liberate it into the supending mediumo Thus a bound 
substance n:ay be sequestered within suboellular particles from which it 
cannot diffuse, it may be physically adsorbed onto cellular or sµbcellu-
lar manbrams, or it may be in a state of chemical combination with 
components of membranes or other subcellula.r st:ructureso By exclusion, 
the term 1free 1 will be applied to soluble cytoplasnic material, evenly 
distributed through the cytoplasm which is not so bound and is free to 
diffuse from the tissue into the surrounding medium under the con:li tions 
of the experiments. In vivo, such tfreet substances may not be able to 
diffuse from cells due to the operation of ionic pumps. 
When a tissue is homogenized ani tbe homogenate centrifuged a free 
substance will diatrib.l. te between a sediment and the supernatant fluid 
in proportion to their relative fluid contents. As a first approxima-
tion, the fluid content may be assumed to be related to the relative 
volumes of the sediment and the supernatant fluid. This approximation 
will tend to overesti.mte the amount of free substance in the sediment, 
since the particles themselves must occu~ a significant proportion of 
the total volume. Since the volumes of the various subcellular fractions 
obtained from brain homogenates varied considerably (for instance, the 
microsonal fraction consisted of a small, dense pellet, whereas the 
crude mitochondrial fraction occupied a relatively large volume and 
contained a large amount of fluid), a misleading interpretation of an 
unequal distribution of substances between the various fractions could 
easily arise, unless some account is taken of their relative volumes. 
An a.pproxi.oo te estimate of the distribution to be expected of 
a freely diffusible, cytoplasmic substance was obtained by keeping 
a record of the volumes of the sediments and their supernatant fluids 
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at each stage of the fractionation. 
As an example of the type of simple calculation involved, in one 
experiment the volume of the unwasmd Pl sediment was 14 ml and the 
volume of the supernatant fluid was 38 ml. Thus the naximum amount of 
diffusible substance remaining in the sediment would be 27 per cent. 
After resuspension of Pl and centrifuging, the volume of the sediment 
was 4 ml and that of the supernatant fluid was 22 mlo Therefore the 
maximum amount of diffusible substance remaining in Pl would be 4 per 
cent, and the amount in the pooled supernatant fluids would be 96 per 
cent. Similar calculations were applied at each stage of the fractiona-
tion. 
The results of four experiments (Method b) were pooled to give 
the distribution for a freely diffusible substance which is illustrated 
in Fig. 14. The ordinate plots the percentage recovery, expressed as 
the amount of material in a particular fraction as a percentage of the 
total amount in Pl+ P2 + P3 + So The subcellular fractions are indi-
cated along the abscissae, The most striking thing about this distribu-
tion is the large amount (80 per cent) of freely diffusible material in 
the cyix:> plasn ic fraction ( S). This , of course , is not an unexpected 
result, since the volume of S was obviously much greater than tm t of 
the other fractions. A more interesting finding, and one tha. t is 
relevant to the distribution of potassium and amino acids, is the obser-
vation that there is a peak recovery, among the particulate fractions, 
in the crude mitochondrial fraction (P2)o The recovery in P2 represents 
14 per cent of the total recovery. In contrast with this result, the 
recovery in the remaining fractions (Pl and P3) and subfractions (A1, B1, 
and C1) is very low (5, lo3, Oo75, 0.65 and 0.05 per cent respectively)~ 
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Now, fractions P2 and Bi contain tbe pinched-off nerve-endings, 
complete with their entre.p~d cytoplasm. Any sol11ble cytoplasmic mate-
rial contained within them nay not be able to diffuse freely into the 
surrounding medium due to the restrictive effect of the enclosing cellu-
lar membranes. This fact introduces a complication into the theoretical 
distribution of soluble cytoplasmic material, originally evenly distri-
buted throughout the cell, and the amount of wch material in P2 and B1 
will tend to be underestimated to an extent depending upon the relative 
volumes of cytoplasm in the nerve-endings and the remainder of the cello 
The subcellula.r distril:n tion of potassium may provide an indica-
tion of the volume of cytoplasm trapped wi. thin the nerve endings, al though 
the rapid entry of potassium into tl:e surrounding medium (Elliott and 
Bilodeau, 1962) may cause this volume to be underestimated. Figo 14 
also illustrates the results which were obtained for potassium. Twenty 
four per cent of the total potassium was recovered from P2. This value 
is somewhat greater than the theoretical value for a freely diffusible 
cytoplasmic substance, and the difference between the two values is 
attrfbuted to sequestering of the potassium within subcellular particles. 
This conclusion is substantiated by the observation that, on subfraotio~ 
na ti.on of P2, 31 per cent of tba P2-potassium was recovered from A1, Bi 
and Cit whereas the recovery to be expected of a freely diffusible 
substance was calculated to be only 11 per cent. If the remaining 69 
per cent of the P2-potassium is assumed to represent tm t conta:i.r.ed in 
the extra-particulate fluid, the amount in the extra-particulate fluid 
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may be calculated to be 24 x Ioo • 16.5 per cent of the recovered 
potassium. This value is just greater tmn the 14 per cent oalcula. ted 
theoretically for a freely diffusible substance (see Figo 14). Since 
14 per cent was the maximum value for a freely diffusible substance, it 
is concluded that a certain amount of the potassium had leaked from the 
particles on snbfraotionation, a not unreasonable expla.nationo 
Katzman and Leiderman (1953) lave shown that about 25 per cent 
of the total potassium in brain is unable to exchange with radioactive 
potassimn, either in vivo or in vitroo However, it is not clear to 
wha. t extent this non-exchangeable potassium contributed to the amounts 
recovered from the crude mitochondrial fraction since it seems unlikely 
that it is extracted under mti.ld acid conditions, such as were used in 
' 
the present experiments {Katzman and Leiderman, 1953). 
Thus the distribution of potassium pro vi des an indi ea. tion of the 
distribution to be expected of a substance which is evenly distributed 
througb.ou t the cellular cytoplasm and is not confined to any special 
subcellular particleo 
An alternative method by which substances could be bound in 
cells is by non-specific binding to proteins, which are not especially 
characteristic of any particular subcellular component. An assymetric 
distribution of protein among the various su.bcellular fractions would 
lead to an assymetric distribution of brund material, and so could lead 
to an incorrect interpretation. Some control over this possibility may 
be obtained by oomIB,ring the distribution of a substance under study~ 
with that of protein or of nitrogen. The results of such comparisons 
are expressed as the relative specific activities (RSA), which may be 
defi?l:3d as the ratio of the percentage recovery of sibstance in a parti-
'I 
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cul ar subcellular fraction to the percentage recovery of nitrogen in 
the same fract i on. 
c ) Acetylcholine 
The distribution of acetylcholine in brain homoge:r:ates was 
similar regardless of the species or the method of fractionation. Some 
of the results are detailed in Table 8 and Fig . 15. More thorough homo-
genisation, in which the clearance between rod and annulus was reduced to 
17 µ, did not affect the overall distribution. Method a) (see Table 1) 
tended to give slightly higher values for the microsomal fraction (P3) 
than did Method b) (see Table 2) , but the ACh content of P2 always 
gTea tly exceeded tbs. t of P3 . In the absence of physosti grnine in the 
sucrose media there was very little ACh in the cyto.:plasnic fract:i.ono 
In t1'..e presence of physostigpiine the amount of ACh recovered from the 
cytoplasmic fraction (S) was about 30 per cent of the total (seven expe-
riments on rats and guinea pigs) but otherwise the distribution was 
not altered . The appar ent difference between the recovery of ACh in 
Pl , P2 and P3 in the presence of physostigmine (column 1 , Table 8) and 
the recovery in the absence of physostigmine (column 2 , Table 8) , was 
not significant (P > Oo5) ·when taken in conjunction with other results 
in which P2 was not subfractionatedo 
In three exper iments , anaesthesia in guinea pigs raised the level 
of ACh in P2 to a similar amount to that found in anaesthetised rats 
(column 1 ,2 , Table 8) . Similar effects bave been noted by others (Cros-
sland and Merrick , 1954) . The brain from a sheep killed by exsangui-
nation had a very small amount of ACh in P2 and in another experiment 
on a sheep anaesthetised with pentobarbitone the amount was still very 
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small (0.26 µg/g compared with o.rn µg/g in the unanaesthetised sheep). 
As first shown by Whittaker (1959), the crude mitochoniria.l 
fraction (P2) contained most of the particle-bound ACh in brain. On 
subfractionation of P2 in tl:e density gradient most of the ACh was recove-
red from fraction B + C when Method a) was used, or from fraction :s1 when 
Method b) was used {Table 8). The varia. tio n in the relative amrunts of 
ACh in fraction Band C (see Section III A) is illu~trated by the folio-
wing figures. In four experiments the ACh content of B was o.s2, 0.30, 
0.18 and 0.24 µg/g respectively and the corresponding· values for C were 
Ool2, 0.14, 0.27' and Oo23 µg/g. The total ACh in t~se two fractions 
varied very little from a mean value of 0.5 µg/g (0.64, 0.44, 0.45, and 
Oo47 µg/g, respectively). 
The specific localisation of ACh in these fractions is also shown 
by examimtion of the relative specific activities (Table 8)0 The 
highest RSAs were found in B + C or Bio It is of interest to note that 
in fractions B and C the relative amounts of nitrogen varied in a mazmer 
similar to tlat of ACh. The RSA for fraction C was greater than that 
for B. The RSA for P2 was invariably greater than ttat for P3. This 
last point is extremely important when the results a.re compared with 
those obtained for 5-HTo 
When the distribution of ACh (Table 8 and Fig. 15) is compared 
Yr.i. th that of potassium (Fig. 14) it is obvious that tr...e distribution of 
ACh does not correspond to tmt of an evenly distribut ed cytoplasmic 
constituent. Thus the oonclusion that ACh is especially concentrated in 
nerve-tenninals seems adequately justified. 
d) Substance P 
In some of the early experiments it was apparent that the A Ch-
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like activity and 5- BT- like activity of P2 extracts which were not first 
incubated with chymotrypsin were only partially blocked by atropine or 
BOL-148 respectively (Ryall , 19611 unpublished re9.llts) . These obser-
vations led to a study of the subcellula.r distribution of substance p .... 
like activity 1 which it was thought rray have produced the spurious 
results . It was considered that , although the a.mount of substance P pre-
sent in a homogenate was not likely to affect seriously the assay for ACh 
or 5-HT ( see also Whittaker i 1962) 1 a different dist ribution of the 
various substances between too su bcellular fractions could give rise to 
misleading results. 
The results on substance Pare presented in Table 9o Most of the 
substance P was recovered from the crude mitochondrial fraction (P2) and 
when this was subfractionated , the highest proportion of the activity was 
in the nerve-ending fractions Bi , or B + c. There was very little diffe-
rence in the results in different species , with different intensities of 
homogenisation or with different methods of fractionation . except that 
Method a) yielded ratha" more substance P in P3 than did Method b). 
However, a similar result was obtained for ACh (Table 8) 0 The highest 
RSA on w.bfractionation of P2 occurred in the B1, or B + C fractions . 
The microsomal fraction (P3) had a slightly higher RSA tl:an P2 and in 
this respect the distribution of substance P differed slightly from that 
of ACh. Thus in general , the distribution of substance P is very similar 
to that of ACh and it is significant that fraction D, the non- cholinergic 
nerve-ending-fraction of De Robertis et al . , {1962) contained very little 
substance P. 
e) 5-Hydroxytryptamine (5-tHT) 
To. contrast with results obtained by Michaelson and 'Whittaker 
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(1963), it was found that the subcellular distribution of 5-HT differed 
in certain important respects from that of ACh. Most of the experiments 
were carried out in rats using Method a) am Table 10, column 1 shows the 
average results obtained in four experiments. In these ex11eriments 34 .. 
70 per cent (average 46 per cent) of the 5-HT was in th~ cytoplasmic 
fraction (s). However, the most interesting finding was that there was 
almost as much 5-HT in P3 as in P2. )furthermore, the RSA. for the latter 
was about one-third of that for re. This is in marked contrast with 
the results obtained for ACh {Table 8, oolumn 1) where both the percenta-
ge recovery and the RSA were greater for P2 than for P3. It was of 
considerable importance to establish the statistical significance of 
this difference in the distribution of 5-HT and ACh. For 5-HT (RSA for 
P3)/(RSA for P2) in the four experiments shown in Table 10, column 1, 
was 2.37 (± standard error 0.23). The ratio for acetylchol:ine in the 
same experiments was 0.66 ± 0.09. The difference between these two mean 
values was highly si€1,lificant {P ( 00001). Similar results were also 
obtained in guinea pigs {Table 101 column 2, 3 and 4), whether Method a) 
or b) was us ed. in the preparation of the subcellula.r fractions. 
In one of the experiments on guinea pigs I iproniazid (1 mM) was 
added to the sucrose media throughout the separationo The distribution 
of 5-HT in the primary fractions Pl, P2, P3 and S resembled that found in 
the absence of ipro niazid, al though the amc:un t of 5-HT recovered was 
higher, but differences were noted on subfractionation of P2. In the 
absence of iproniazid (Table 101 columns 1, 2 and 3) there was relative-
ly little 5-HT in fractions more dense than C (Method a)) or B1 {Method 
b) )o However, in tlE presence of iproniazid most of the 5-TIT from P2 
was recovered from the pellet at the bottom of the density-gradient. 
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This is fraction c1 which normally contains free mitochondria (Gray 
and 'Whittaker, 1962) and it had the highest RSA recorded in any experi-
mento Despite this difference between the distribution of 5-HT in expe-
rimen ts in which iproniazid was used and those in which it was not, there 
was no difference noted in the distri. bl ti.on of ACh or substance P. On 
attempti.ng to repeat this experiment on two subsequent occasions it was 
noted that there was an obvious aggregation of the particles, am the 
appearance of the layers in the densi ty.-gradient differed markedly fran 
those ob ta:ined in the absence of iproniazid. Therefore further experi-
ments alo:rg these lines were discontinued. 
Michaelson and Whittaker (1963) recently reported that 5-HT is 
absent from f'raction P3. It was therefore of interest to attempt to 
explain the discrepancies between these results. Sinee these authors 
used a fluorimetric method of assay for 5-HT, it was thought worthwhile 
to compt.re assays for 5-HT by fluorimetric am biological methods. In 
a preliminary experiment fluorescent material wi. th 5-RT-like characteris-
tics was detected in P3 as well as in P2. This was confirmed in a subse-
wuent more quantitative experiment. Figure 16 shows tmt P3 had fluores-
cent characteristics which corresponded to those of authentic 5-HT. 
Similar spectra were also obtained for P2. Furthermore the activation 
maximum occurred at 300 mµ, as for 5-RT. As a further test the solu-
tions were placed in the light beam and exposed to the activating light 
(295 inµ,) until the fluorescence had decayed to a stable val.u e. The rate 
of decay of fluorescence was found to be similar to that observed for 5~HTo 
However, al though the relative amounts of 5-HT in P2 and P3 were compara-
ble by both methods of assay, the values obtained by the fluorescence 
method were about five times higher than those determined by biological 
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assay o The high values obtained by fluorescence-assay were probably due 
to high values for the reagent- and tissue-blanks. These blank values 
are of the order of Ool µg or more of 5-h"T (Udenfriend, 1962; Boullin, 
1963) and would be expected to introduce a large error into the estima-
tion of small amounts of 5-BT such as were found in the J;S,rtioulate 
subcellular fractions after removal of th= cytoplasmic fraction. In 
contrast, these small amounts of 5-HT were easily assayed with a reaso-
nable degree of precision on tm rat fund.us, which was sensitive to 
about 0000025 µg of 5-HT in an 8 ml bath and showed a good different:ia tion 
between doses" Thus it seems conclusive that the biological activity of 
P3 is due to 5-HT, al though there may be other substances present tending 
to enlance the fluorescence of the low concentrations of 5-RT. The 
failure of Michaelson am Whittaker (1963) to find any 5-HT in this 
fraction is therefore unlikely to be due to a difference between biolo-
gi.cal a.ni fluorimetric assay, and is more probably due to differences 
in the details of centrifugation. 
To test the possibility tre. t differences in the method of centri-
fugation could have accounted for the divergent findings regarding the 
localization of 5-HT in the microsomal fraction, some additional experi-
ments were carried out in which the details of centrifugation were diffe-
rent from those in the basic method. There are two alternative expla-
nations, based on differences in details of centrifugation, which, it 
was thought, could have accounted for the divergent findings. One 
explanation is that the 5-HT content of P3 is due to contamination by 
small nerve-ending particles which did· not sediment with the bulk of the 
nerve-endings in P2. If this were so, then it is surprising that the ACh, 
detennined in the same experiments did not have the same distribution, 
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since this would imply that the 5-TIT-containing nerve-endings had quite 
different sedimentation-cP..aracteristics f10m those containing the ACh. 
An alternative explanation, which seeos more likely (see Discussion), is 
that under certain conditions the P2 fraction is fairly heavily contami-
nated with microsomal particles, some of which contain the 5-HT. This 
would account for the higher RSA of the microsomal as compared with the 
crude mitochondrial fraction. Therefore, the modifications introduced 
into the centrifugation-technique were designed to yield information 
relating to these two possible explanations. 
First of all, if the 5-h~ in P3 was due to nerve-ending particles 
which had not been sedimented, it should have been possible to sediment 
these endings by recentrifuging the supernatant fluid obtained af·cer 
sedimentation of the Pi particles. Secondly, if the second explanation 
was correct, then it might be possible to free the crude mitochondrial 
fraction of microsomal contamination by washing the P2 sediment more 
efficiently. Further infornation regarding the nature of the 5-TIT-contai ... 
ning parti. cles was obtained by centrifuging in progTessi vely larger 
centrifugal fields. 
Figo 17 illustrates both the technique and the results which 
were obtained for ACh and 5-HT in two experiments. 
The chief di ff erenc e between the fre,otions on the left and on the 
right side of the figure is that the former were obteined after the P'Z 
sediment was washed only once 1 whereas the latter fractions were obtained 
after washing the P2 sediment three times. The ad.di tional washing obviou-
sly had no effect on the distribution of either ACh or 5-HT. There was • 
hovfever, a marked difference between the distribution of ACh and of 5-HT. 
All of the ACh was sedimented with the heaviest particles, which were 
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obtained in P2a and in P2c .. In contrast, only 16 and 24 per cent rea--
pecti vely of the 5-HT was recovered from these particleso The remai-
ning 5-HT was fairly evenly distrib.ited between the particles obtained 
at later stages of the fractionation. 
Now Michaelson and Whittaker (1963) sedimented their P2 fraction 
in a gravitational field of 9401000 g min. This would have sedimented 
all but the smallest microsomes (i.e. all except P3b and P3d) in the pre-
sent siudy. If the 5.-ih"'T contents of P2a, P2b and P3a or P2c, P2d and P3o 
a.re pooled, then it may be seen tba. t these fractions together contain 70 
to 80 per cent of the particulate 5-HTt a result which is not so very 
different from that obtained by '.Michaelson and Whittaker (1963)~ 
However, the implications of this experiment are profound, since it shows 
quite conclusively that tb:i 5-HT is contained in particles which are 
vastly different from the ACh oontaining particles1 Furtrermore• 5-HT 
was present in the smallest of these particles. This would suggest that 
the &,;.HT is associated with microsomal. particles in general, and that 
the small amount of 5--HT in the nerve-ending-particles is due to their 
content of microsomes. 
f) Y-Amino-,!!.-butyric acid (GABA) and g;luta.mic acid 
The distribution of these two substances was investigated by 
method b) applied to guinea pig brain homogenates. Figure 15 illustrates 
the results obtained in two experiments in which the subcellular distri-
butions of GABA, glutamic acid and ACh were determinedo The distribu""l 
tions of GABA an:i glutamic acid were similaro About 70 per cent of the 
recovered amino acids was in the cytoplasmic fraction (S), in contrast 
with the low cytoplaemic content of A Cho Even in the presence of physos-
tigmine only 30 per cent of the ACh was found in the cytoplasmic fraction. 
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However, there were additional small peaks in the distribl.tion-curves 
for the amino acids in P2 and Bio 
The resemblance between the distribution of GABA, glutamic acid 
and potassium (Figso 14 and 15) is quite strikingo It was shown earlier 
that t~ distribution of potassium was adequately explained on the 
assumption that it was a freely diffusible substance, evenly distributed 
throughout the cytoplasm. The potassium content of P2 and its subfractions 
was sligh tl.y higher than was anticipa. ted on this assumption, but could 
be accounted for in terms of the cytoplasmic content of these fractions. 
Similarly, the distribution of the amino acids, GABA and glutamio acid, 
suggests that they too are cytoplasmic constituents, which are not spe-
cifically localised in any subcellular particle, but are evenly distri-
buted throughout the cytoplasm. The amounts of amino acids in Pl, P3 and 
C1 were virtually identical to the amounts expected from the theoretical 
distribution of a freely diffusible substance. but, as for potassium, 
the amounts in P2 and its subfraetions were slightly higher. About 
50 per cent of the amino acids in P2 were recovered from Ai, ]31 and C1• 
The corresponding figure for potassium was 31 per cent. However, it was 
suggested that some of the potassitun had diffused from the particles on 
subfractiona tiono Thus, the higher value for the amino acids may mean 
tba t they are not able to diffuse through the membranes surrounding the 
particles to the same extent as potassium. 
That the amino acids are not specifically located in any parti-
cular fraction or subfraction is also borne out by an examination of the 
RSAs (Table 11), which showed little variation. This was in marked 
contrast to the RSAs for ACh ani indicates that the amount of the amino 
acids present in each fraction was related to the quantity of nitrogen 
-
present. 
iii) Discussion 
It was first shown by Hebb and Whittaker (1958) and · Whittaker 
(1959) and confirmed by De Rob ertis et al., (1962), and in the present 
work-, tm t tl::e ACh-like substance in brain is located in a specific 
subcellular fraction, in which the major ex>mponent consists of pinched-
off nerve-endings (Gray and Whittaker, 1962; De Robertis et al., 1962). 
This obolinomimetio substance has been identified as acetyloholine by 
parallel biological assay and a combination of electrophoretic and chroma-
tographic techniques (see section IV B). It is now well established tbat 
the ACh-content of this fraction is quite unrelated to the nitrogen 
content. However it could be argued that the amount of ACh is related 
to the volume of cytoplasm enclosed within the terminals, since in the 
presence of eserine about 30 per cent is recovered fmm the cytoplasmic 
fraction. This explanation assumes that the total volume of ACh-oon-
taining nerve-endings is much greater than that of the cell soma. 
This is considered to be unlikely since it has now been shewn that potas-
sium, which nay be assumed to be an intracellular cytoplasmic component 1 
and the amino acids GABA and glutamic acid, bad quite different distri-
butions, which were thought to reflect the relative amounts of cytoplasm 
in tm various fractions. This conclusion is further substantiated by 
the observation (Jolmson~ 1960; Bmnngraber, Aguilar and Occomy, 1963; 
Johnson and fuittaker, 1963) that certain glycolytic enzymes, thought to 
be of cytoplasmic origin, have a distribution similar to that found for 
potassium and the amino acids in the present experiments. 
These observations, together with the recent finding that ACh is 
specifically localised in structures resembling synaptic vesicles 
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(De Robertis et al., 1963; Whittaker, Iv-iichaelson and Kirkland, 1963,1964) 
lend support to the now widely held belief that ACh serves some specific 
function in central synaptic transmission and they are difficult to recon-
cile wi. th a more general role for ACh in axoral conduction (Nacbmansohn, 
1959). 
It is clear tl:at at peripheral cholinergic syn:1pses acetylcholi-
nesterase is closely restricted to the region of synaptic oo ntact, either 
presynaptically, as in sympathetic ganglia, or postsyna.ptiqally, as at the 
skeletal neuro-muscular junction. In the C.N.S. the evidence derived from 
studies af the subcellular distribution is conflicting. Toschi (1959), 
Holmstedt and Toschi (1959) ani Aldridge and Johnson (1959), found that 
acetylcholinesterase was localized in microsomes, whereas De Robertis 
et al., (1962) claim that it is closely associated with the synaptic 
endings, probably with t1:v:9 synaptic membranes, but certainly not with 
the vesicles (De Robertis, Rodriguez de Lorez Arnaiz, Salganicoff, 
Pellegrino de Iraldi and Zieher, 1963). De Robertis et al., (1962), 
attributed the discordant findings to a more extensive rupture of nerve 
terminals in the earlier experiments. Al though it has been shown by 
histochanica.l methods tba t quite large amounts of cholinesterase are 
present in th3 cytoplasm of some neurones (Snell, 1961; Koelle, 1963), 
the enzyme is especially concentrated in the cell membrane (see Koelle, 
1963): these results are in agree:rrent with the distribution studies 
carried out by De Robertis et al., (1962). Thus the localization of 
acetylcholinesterase is in keeping with a transmitter function of ACh. 
· It seems to be agreed tbat choline-acetylase is concentrated in 
the nerve-e:rxlil\'s'S (Hebb and Whittaker, 1958; Whittaker, 1959; De 
Robertis et al., 1963), but the evidence regarding the localization in 
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synaptic vesicles is irreconcilable: De Robertis et al. , (1963) consider 
it to be concentrated in the vesicles , whereas Whittaker , Michaelson and 
Kirkland (1963 , 1964) are extremely critical of the techniques used by 
De Robertis and co- \~orkers , and obtained quite different results. They 
claim that it is not a component of the vesicles but is merely concentra .... 
ted in the cytoplasm of the nerve endings . Whichever of these views is 
correct , the location of the enzyme which synthesizes the ACh seems to be 
admirably placed if the ACh were serving as a transmitter substance. 
The similarities between the su bcellular distributions of ACh and 
substance P suggest that the Jatter compound is also localised in nerve-
ending--particles . Similar results for substance P in rabbit brain 
have also been obtained by Kataoka (1962a) . 
Recently Carlini and Green (196~)have found in brain extracts 
a substance which produced slow contractions of the guinea pig ileum. 
This rubstance was soluble in acetone and therefore l-7as assumed not to 
be substance P. Since it is not known whether the acetone-soluble sub-
stance was inactivated by chymotrypsin it could possibly 1'..ave contriputed 
to the estimates of substance P in the present work . It is unlikely 
however, that this would have been a serious source of error since the 
figures given by Carlini and Green demonstrate about a threefold reduction 
in activity of their acetone extracts as compared to their acid extracts. 
This indicates that most of tl:e a.ctivi ty in acid extracts is due to 
substance P. Furthermore , their acetone extracts may have oontained some 
substance P .since it is known (Correale, 1957) that substance P from 
brain is more soluble in acetone tban is substance P fn,m intestine. 
Although substance P has frequently been considered as a trans-
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mi tter substance within the mammalian central nervous system, there is no 
conclusive evidence to support this hypothesis (see Haefely and Httrlima.nn, 
1962) . However , crude substance P may contain a number of active poly-
peptides (Zetler , 1961) and one of these , so far tmpurified , may be 
active within the central nervous system. In this connection, it is 
interesting to note that Krivoy and Kroeger (1963) l:ave ~ecently demon-
strated that relatively small amounts of highly purified substance P, 
injected intravenously , has some effect on dorsal root potentials in 
decerebrate oats . However , the significance of this observation is not 
clear at the present time. It is also interesting to note that Mitchell 
and Ramwell (1963) have demonstrated the occasional release of an uniden-
tified polypeptide from the surface of the cat 1 s cerebral cortex, which 
could be substance P or one of its components, in addition to another 
substance whieh was not inactivated by ohymotryps:tn. However, it is 
also possible that substance P my lave a carrier function in relation to 
ACh , although this has been considered to be unlikely {Crossland, 1957) . 
Should more direct evidence for a transmitter function of substance P 
be found in the f'uture , tben the subcellular distribution of ihis agent 
would not be inconsistent with such a function . 
A consideration of the literature on the subcellular distri-
bution of 5- HT in brain reveals many anomalies . The first report 
appears to be that of Bogdanski , Weissbaeh and Udenfriend (1956) who 
found it to be equally distributed between the nuclear, mitochondrial 
and microsonnl fractions . Similar results were obtained by Hughes, 
Kuntzman and Shore, (1957) . Subsequently Walaszek and Abood (1957, 1959) 
found in their experiments that it was mainly located in the mitochondrial 
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fraction. This latter view is that held by Whittaker (1959) 1 Michaelson 
and Whittaker (1963) and Michaelson, Whittaker~ Laverty and Shannanp 
(1963) who showed tr.at, on subfractionation of the crude mitochondrial 
fraction in a density-gradient, the 5-HT was located in a layer composed 
chiefly of synaptic terminalso It was claimed that the subcellular 
distri rution was similar to that of acetylcholine. On attempting to 
confi:rm this observation it was found (Ryall, 1962a) that the microsomal 
fraction (P3) contained almost as much, or in some experiments, more 5"""HT 
than the crude mitochondrial fraction (P2) and that tbe RSA of the micro-
somal fraction was consistently higher tban tm t of the crude mitochondrial 
fraction. These findings have since been essentially confirmed by Zieher 
and De Robertis (1963) an:l Carlini and Green (1963a). However, subfrac" 
tionation of P2 in a density-gradient yielded results comparable to those 
obtained by Michaelson and Whittaker (1963)0 A further anomaly exists 
in the finding by Kataoka (1962b) that the 5~HT in the crude mitochondrial 
fraction from rabbit brain was recovered from the most dense layer of 
the gradient, which contained free mitochondria. This last observation 
was also made in the present experiments when iproniazid was added to 
a guinea pig brain homogemteo However, in view of the demonstmted 
aggregating effect of iproniazid, it is felt that little significance 
can be placed on this result. It seems probable that similar effects 
could have occurred in Kataoka 1 s experiments, since in a later paper 
(Inouye, Kataoka and Shinagawa, 1963) an aggregation of particles in 
their dense subfractions was noted, but was not commented upono 
How then can these anomalies be explained? In particular what is the 
explanation of the difference between the results obtained for 5-HT in the 
I 
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present experiments and those of Whittaker (1959) and Michaelson and 
Whittaker (1963) although results obtained for acetylcholine are very 
similar( Kataoka (1962b) criticized Whittaker's earlier results, 
which were obtained by biologi. cal assay, on the ground that precautions 
had not been taken to inactivate substance P. However, Whittaker (1962) 
has refuted this suggestion and Michaelson and Whittaker (1963) confinned 
the earlier findings by means of fluorimetric assay. Fluorimetric 
assay tends to give higher values for 5-HT than biological assay 
(Carlini and Green1 1963a) and may become unreliable when attempting 
to assay small amounts (Uden:friend, 1962; Boullin, 1963). This is not 
likely to be the explanation of the divergent findings since by biolo-
gical and fluorimetric assay, on the same extracts, in the present 
investigation the relative amounts of 5-HT in the crude milbochondrial 
and microsonal fractions were similar, although fluorescence-assay gave 
higher absolute values. A more likely cause of the discrepancies may 
lie in the different centrifugal fields used to separate the microsomal 
from the crude mitochondrial fractions. It is extremely difficult to 
free mitochondrial particles from microsomal contamination, although 
microsomes can be obtained in a relatively pure form (Hogeboom, 
Sc:tmeider and Palade, 1948; Palade and Siekevitz, 1956; Toschi, 1959). 
Mlny washings of the mitochondrial sediments are necessary to achieve 
a good separation. Thu~ relatively high oentrifugal fields, such as 
those used by Whittaker and his co-workers, may increase the risk of 
microsonal contamination of P2 {see also Whittaker, Michaelson and 
Kirkland, 1963). Since the RSA of the microsomal fraction was higher than 
tba.t of the crude mitochondrial fraction, it therefore seems possible 
that the 5"HT content of the latter was partly due to microsomal 
72. 
contaminationo 
Some evidence in support of this suggestion was obtained when 
particles,smaller than those which sediment in tbe nuclear fraction, 
were carefully sedi.nented in progressively higher centrifugal fields, 
with adequate washing of the particles. Ey this technique it was possible 
to achieve an almost complete separa. tion of the particles which contained 
the ACh from those which contained the 5-HT. In contrast w.i th ACh, 
the 5-HT was fairly evenly distributed among all of the fractions, down 
to the smallest of the microsomes. These particles were not synaptic 
vesicles since both Whittaker, Iu.chaelson and Kirkland (1963) and 
·zieher and De Robertis (1963) are ~greed that ACh, but not 5-HT, is 
present in synaptic vesicles. Whittaker (persoI8l communication) has 
evidence that microsomal material is contaminated with small nerve-
endings, unless the crude mitochondrial fraction is sedimented in the 
very hi@). centrifugal fields such as he and his co-workers used. 
However, it seems unlikely that these nerve-endings would have been 
sedimented along with tl:e smallest of the microsomes. Thus the most 
reasonable explanation of the results is that 5-Hr is a microsomal 
component, and that the 5-HT content of nerve-endings is due to their 
content of microsomes. 
The microsomes are thought to be derived from the endoplasmic 
reticulum (Palade and Siekevitz, 1956; Palay and Palade, 1955; Hanzon 
and Toschi, 1959; Toschi, 1959). Thus 5-HT would seem to be associated 
w:i. th the emoplasnic reticulum, rather than specifically with synaptic 
structures, and on this basis the 5-HT in the nerve-endings could be 
due to their structural integrity am their content of endoplasmic 
reticulumo However, until more is known about the function of this 
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system, the function of 5- B.T remains obscure and it may be concluded 
that, since it does not appear to satisfy criterion 1 (see page 20), 
it is unlikely to be a synaptic transmitter. 
It remains to ascertain the degTee of correspondence between 
this interpretation and the results obtained by another recently deve-
loped method~ namely the fluorescence~technique which has been applied 
to the cellular visualization of 5-HT in the central nervous system by 
Falck and his co-workers (Carlsson, Falck and Hillarp , 1962; Bertler, 
Falck and Owman , 1963; Carlsson, Falck, Fuxe and Hillarp, 1964; Owman, 
1963p 1964). These workers bave demonstrated the presence of material 
with a fluorescence similar to that of 5~HI1o However, the visualization 
of 5- HT was not usually good enough to detennine the cellular location 
of the amineo They advanced two explanations: the first was tbat 
the 5- HT was localized in structures that were insufficiently packed 
to reach the limit of detection p and the second was that 5-HT was so 
widespread that at any particular site the concentration again did not 
reach the limit of detectiono The second of these interpretations 
is compatible with the present results derived from a study of the 
subcellular distribution in brain homogena.teso Furthermore, it was shown 
that at least ba.lf of the 5- HT in the pineal gland was not associ9.t ed 
with nervous structures (Bertlert Falck and Owman, 1963; Owman, 1963)0 
Other evidence concerning the location of 5-HT in the medial geniculate 
body has been obtained by Utley (1963). He showed, by denervation 
experiments, that most of the s ... HT was probably associated with glial 
elements. Thus all of this evidence is consistent with the suggestion 
that 5-E.T is not a transmitter in the mammalian central nervous systemo 
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There is a close relationship between the w.bcellula.r distribution 
of the amino acids, GABA and glutamic acid, and of intracellular potas-
sium. Both the amino acids and potassium were chiefly located in the 
cytoplasmic fraction. However, a small proportion was present in the 
nerve-ending fraction, and this could be attributed to the volume of 
cytoplasm trapped within the nerve-endings. Since the preliminary 
report of these findings (Ryall, 1962b), similar results for GABA in 
mouse brain homogenates have been obtained by Weinstein, Roberts and 
Kakefuda (1963), who used somewhat different techniqueso They inter-
preted their results in a different fashion and concluded that GABA 
was associated with presynaptic fractions. However they did not consi-
der the possibility ttat the small a.mount of GABA in the nerve-endings 
could be due to their cytoplasmic contents. The present results 
suggest that GABA and glutamic acid may be cytoplasmic constitui3nts 
distributed evenly throughout the neuroneo 
There are some authors who consider that GABA or one of its deri-
vatives, in particular, f3-hyd:roxy•Y-aminobutyric acid, may be an 
inhibitory transmitter in the nervous system (Hayashi, 1958, 1960; 
Kuriaki, Yakusbiji, Noro, Shimizu and Saji, 1958; Hayashi, Takashita, 
Namba and Kubo, 1962; Florey, 1964; Krnjevic, Randie and Straughan, 
1964). However, the evidence for the occurrence of ~hydroxy-Y ... a.mino-,. 
butyric acid is unconvincing (Mitoma., 1960; Pisano , Wilson and 
Udenfriend, 1960). More recently, Eccles, Schmidt and Willis (1963a) 
have suggested that GABA may be t~ tra.nsmi tter producing the phenomenom 
of presynaptic inhibition, and Krnjevic et al., (1964) have proposed 
glutamic acid as an excitatory transmitter. On other evidence, these 
suggestions seem to be extremely unlikely (see Sections IV E1 and 
I 
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Tl F) o The present evidence , from studies of the subcellular distri-
bution of amino acids , is consistent with the view that they do not 
function as synaptic transmitters in the mammalian C.N.S. 
In addition to the substances already discussed, the subcellu-
la.r distribution of .!12!,-adrenaline (Chrusciel , 1960; Inouye , Kataoka 
and Shinagawa , 1963; I.averty , Michaelson , Sharman and Whittaker , 1963; 
Michaelson , Whittaker , Laverty and Sharman ~ 1963; Potter and Axelrod , 
1963) , and of histamine (Michaelson and Whittaker , 1962; Carlini and 
Graen , 1963a ,b ; Michaelson and Dowe , 1963) have also been studied by 
techniques similar to those used in the :present investigation. For both 
substances there is conflictii-:1g evidence . I.a.verty et al., (1963) 
and Michaelson et al ., (1963) showed that the distribution of nor-
adr enaline was similar to that of 5- B.T , except tbat there was rather 
more ~ - adrenaline tban 5- B.T in the microsomal fraction; they claimed 
t hat both .E:.Q!:-adrenaline and 5- HT were associated with nerve- endings , 
but not with synaptic vesicles o However , Inouye et al o, (1963) showed 9 
i n their experiments , tba. t both 5- HT and 11Q.t- adre11aline wer e present in 
particles more dense than nerve- endings . The reasons for doubting 
the results obtained ,by Inouye et al o, (1963) have already been presen~ 
ted in the discussion on 5- HT ~ In that section an alte.rmt:i.ve expla-
nation of the resul t s obtained by Whittaker and his co- workers was 
advanced and a rather different interpretation of the data was made g 
If the suboellular l ocation of nor- adrenaline is in fact similar to 
t bat of 5- HT , t hen the same interpretation as for the latter compound 
will suffice . Falck and his associates (see review by Carlsson, 
Falck and Hillarp , 1962 and Car lsson , Falck , Fuxe and 
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Hillarp, 1964) have studied the histochemical location of nor-s.drena-
-
line in the brain and spinal cord by their fl uorescence-methodo 
Their results clearly showed tmt some, at least, of the nor-adrenaline 
-
was closely associated with nerve-fibres and perikarya, but the method 
does not really allow an analysis to be made of the precise subcellular 
location of the amines and the apparent concentration in the varico-
si ties which they describe may be due to the greater volume of the 
swellings compared with tlE intervening lengths of the nerve-fibreso 
The most reliable results on the distribution of histamine in 
brain homogenates seem to be those obtained by Carlini and Green 
(1963a,b)o They showed that histamine was mainly associated with micro-
somal elements. These workers used a biological method for the assay 
of histamine and demonstrated tl:at fluorescence-assay, such as Laverty 
et al., (1963) and Michaelson- et al., (1963) used was quite inadequate 
for the estimation of histamine in brain: there were at least five 
substances in brain which produced a fluorescence similar to that of 
histamineo 
We are now in a position to review briefly some of the evidence 
relating to the subcellular disposition of substances which could 
possibly serve as transmitters in the central nervous systemo 
It seems to be generally agreed that acetylcholine, choline-
acetylase and probably acetylcholine esterase are especially concentrated 
in the synaptic regions of neurones in the C.N .s. Furthermore, ACh 
(and possibly choline-acetylase) is localized in synaptic vesicles; 
this provides the first direct evidence that the vesicles do in fact 
contain the transnitters. When this is taken in conjunction with the 
large body of evidence supporting a transmitter function for ACh in 
., 
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the C.NoS., the evidence seems incontrovertible. On the other hand , 
although the subcellular distribution of substance Pis suggestive of 
a transmitter function , there is not yet any direct evidence to 
support such a contention: only one of the criteria (criteria 1, see 
page 20) has been satisfied . 
In the distribution of GABA arrl glutamic acid we lave fairly 
conclusive evidence that they are cytoplasmic constituents, spread 
evenly throughout the neurone . This provides no evidence in favour of 
a transmitter function and suggests that P if they do bave a role to play 
in regulating neuronal activity, it is by an intracellular metabolic 
mechanism. 
I have also discussed the evidence relati~ to the cellular 
location of 5- BT , ~-Adrenaline and histamine. It is the author is 
view that 5- HT and histamine are distributed in similar manner and 
are not specifically associated with nerve- terminals. Instead, they 
seem to be associated with particles of microsomal dimensions, and 
the amounts of these substances in the terminals could be due to their 
microsomal contents o Since the micro somes are considered to be derived 
from the endoplasmic reticulum , the data suggest tha. t their functions 
are in some way related to tre role which this structure plays in the 
regulation of neuronal function. However, this role has by no IIBans 
been elucidated . The available evidence concerning the distribution 
of lli?.!:,- adrenaline ruggests that its distribution is similar to that of 
5-HT, and again it is concluded ttat the distribution provides little 
support for the view tba t it is a synaptic transmitter~ 
Finally, a word of caution must be introduced into this discussion~ 
Obviously , when studying the distribution of a substance within a 
'I 
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tissue, we are dealing with the total amount of the substance in 
that tissue, and the possibility exists tl'B.t the substance in question 
may be subserving a number of functionso Thus the overall distribution 
may not adequately reflect the dist:ribltion of a small a.mount, which 
is serving a minox function. Unless the evidence for such a minor 
function is overwhelmingly strong, then, in order to economize on 
hypotheses, the simplest interpretation consistent with the facts should 
be taken. 
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D) The action of brain extracts on central neurones 
In the pa.st, the search for biologically active substances in 
brain extracts bas been largely confined to testing the actions of 
extracts on isolated tissues, or on physiological systems not directly 
concerned with the transmission of nervous impulses in the C.N.S. 
This led to the important discoveries of substances such as ACh, 
~-adrenaline, histamine and 5-HT in brain. When searching for 
unknown transmitters, such techniques lave the limitation that they 
do not yield infornation about the actions of a substance at its site 
of o:rigin1 ioe. in the C.N.S. This limitation may be partially over-
come by testing the effects of the extracts on central nervous pro-
cesses by either topical or systemic administration. For example 
Crossland (1957), Crossland, Garven and Mitchell (1959) and Crossland 
and Mitchell (1956) found that extracts of the cerebellum, when 
injected into the carotid artery, led to an increase in tbe electrical 
excitability of the cerebellum, and that a cerebellar enzyme inactivated 
this substanceo The activity of the extract could not be attributed 
to the actions of any known substance; the active material which bas 
still to be identified, was quite ineffective on a wide variety of 
isolated organ-pre~rations. However, the results obtained by such 
studies may be influenced by indirect effects such as local vascular 
changes, or modifications of the transport of necessary metabolic 
factors to the neurones. Further defects are that the access of the 
injected substance may be hampered by the interposition of the 'blodd-
brain-barrier' between the nairones and the circulation, and the site 
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of action of the injected material is not accurately localized. In 
these respects a technical improvement is the administration by topical 
application of the extract to exposed nervous tissueo Thus McLennan 
and his co-workers (see review by McLennan, 1962) have applied 
Factor I extracts from brain to tl1e spinal cord arxl ob ta.ined a depres-
sion of monosynaptic reflexes which was blocked by strychnine. 
Topical application suffers from the disadvantage that the degree of 
penetration of active material into the neuronal tissue cannot be 
ascertained and the site of action is still not accurately localized. 
It seemed tbat many of these objections could be overcome, and 
more direct evidence of transmitter-like actions obtair.ied, if it were 
possible to apply brain extracts directly into the extra-neuronal 
environment, while at the same time recording the electrical activity 
of a neurone close to the point of ejection. The method of electropho-
retic ejection of compounds from multi-barrelled micropipettes, 
coupled with unitary recording from the neurones under study, appeared 
to meet these requirements. 
If an electric current is passed through a solution containing a 
mixture of ions, then the amount of charge carried by any one ion is deter-
mined both by its concentration, relative to that of the other ions pre-
sent, and by its transport number or intrinsic electrophoretic mobility. 
Now, a brain extract contains several species of ions, some biologically 
active and some inactive. The problem is to obtain highly purified brain 
fractions, so that active ions in the fractions would carry a suffi-
ciently large proportion of the electrophoretic current and so be 
ejected in quantities adequate to affect the nearby neuro:r:eso 
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It is generally believed that substances which :function as 
transmitters are especially concentrated in the nerve- termiials
0 
Thus one method of r educing the proportion of unwanted ions in the 
extract was to ca:rry out a preliminary fractionation of the bra.in 
homogenate, before subjecting the extract to electrophoretic and chro-
matographic purification. Therefore , the crude mitochondrial fraction 
from brain was used in this study. Since sucrose, in high concentra-
tions, interfered with the electrophoretic and cbronntographic separa-
tions, the sucrose content of P2 was reduced by resuspension of the 
particles in NaCl , followed by resuspension in water to lower the NaCl 
concentration (see section III .B) . The P2, rather than the nerve--
terminal- fraction, was employed sine e some loss of ACh occurred when 
the P2 fraction was further subfractiona.ted (see section IV c). 
However, the ACh content of P2 accounts for most of the ACh in bra.in, 
and in obtaining this fraction, the amounts of cytoplasmic substances 
and of substances concentrated in parts of the neurone other than the 
tennim ls, are greatly reduced. Subsequently, the extract from the P2 
fraction was separated into cations and anions by pa.per- electrophoresis 
( see see ti on III .B) . Thus the cations and anions were w bject ed. to 
pa.per- chromatography separately. As a consequence of this separation, 
the electrophoretic ejection of ions derived from the brain extract 
could be controlled by suitably directed currents through t~ micro-
ele ctro:ie. 
The method by which the various fractions were obtained by 
electrophoresis and cbromatogTaphy is descri~ed in section III B, and 
the distribution of activity on several isolated organ- preparations 
is discussed in section IV B. 
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It was necessary to establish tba t the methods were adequate to 
demonstrate the presence of a substance with lmown effects on central 
neurones.. It was known that certain of the extracts contained ACh 
(see section IV B)o Therefore, the action of the ACh-containing 
fractions was determined on Renshaw cells in the spinal cord of anaesthe-
tised cats (see section III E). These neurones are very sensitive to 
the action of electrophoretioally administered ACh, and so were 
admirable test-objects for the purpose. Furthennore, there is good 
evidence that ACh is a transmitter at this site (see section V). 
If it could be shown that ACh was present in the brain extract in 
sufficient concentration, and at a sufficiently high state of purity, 
to be detected by its action on Renshaw cells, there was a reasonable 
olanoe that other unidentified transmitters would be detected by their 
actions on appropriat€ neurones. 
Fig. 18 illustrates the action of the ACh-containing fraction 
(peak 2, Fig. 4 Bi) on a single Renshaw cello The extracted ACh was 
estimated to contain about 10 µg of ACh (as the bromide). This was 
dissolved in water to give a firal comentration of 2 mM with respect 
to the ACh, but there were obviously other ions present since the 
conductivity of the solution was similar to that of a 165 mM oolution 
of NaCl. The solution was placed in one barrel of a five-barrelled 
micro-electrode of overall tip diameter 5 µ. The three other outer 
barrels oon taired 2 mM ACh bromide (in 165 mM NaCl), edrophonium 
chloride ( Ool M) and tetraethylammonium bromide ( 0.1 M). Extracellular 
spike potentials ere recorded through t!E centre barrel which was 
fmlled with 4 M NaCl, and the frequency af firing was continuously 
displayed on a pa.per-recorder, as described in Methods (Section III E). 
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The cells were usually fired when ACh was passed from a 2 mM 
solution by a current of 10 to 15 nAo Slightly larger currents were 
required to excite the cells with the ACh from the extract, which 
produced a lower firing frequency than was obtained with authentic ACh 
(Figs. 18 and 19). This difference is attributable to an interfering 
cationic substance in the extracts, which partially blocked the action 
of ACh, applied simultaneously, and this is illustrated in Figo 19. 
The blocking action was also obtained with other eluates. Fig. 20 
shows the blocking action of a substance eluted from a chromatogram 
with triethylamine buffer (E) and of triethylamine itself (B), on 
cortical neurones and dorsal horn cells, in which firing was induced 
by the electrophoretic application of DL-homocysteic acid, and on 
a Renshaw cell which was also fired by ACho Thus the blocki!\g action 
originates from the chromatographic paper and from solvents used in 
the purification of the extracts, and is thought not to be of biolo-
gical origin. 
In the presence of edrophonium (Figo 18) the excitant effect of 
both the extracted and authentic ACh on Renshaw cells was augmented. 
Tetraethylammonium (Fig. 18) and intravenously injected dihydro-43-
erythroidine (O.l - 0.2 mg/kg) blocked the excitant actions of both to 
a similar degree. 
Thus it bas been shown that there is a substance present in a 
purified extract, obtained from a fraction of a brain homogenate contai-
ning synaptic terminals, which bad an action indistinguishable from 
that of authentic ACh on Renshaw cells. From this it is concluded that 
the techniques employed might be sufficiently sensitive to detect the 
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presence of other active compounds which could be present in the puri-
fied extracts, al though it was expected tm t the results would be 
complicated by depressant effects due to substances of non-biological 
origin. Therefore it was decided that the remaining fractions, which 
did not contain ACh, should be examimd for excitant or depressant 
effects on single neurones. 
Since there was a large number of samples to be examined, the 
effects of these samples were tested on cortical neurones. Several 
such neurones could be found on a single penetration of the micro-el.ec-
trode and it was possible to test each fraction on at least five cells: 
no attempt was made to identify these cells. A few extracts were also 
tested on spinal internaironeso 
A number of difficulties arose during these experiments. First, 
the electrical resistance of many of the micropipettes 'Which contained 
extracts increased when currents were passed through them, and the 
maximum currents were limited to about ·l0-20 nA. Thus 1 even if active 
compourrls rad been present, they may not have been passed out in 
sufficient quantity to affect the nearby neurones. Secon:lly, cationic 
substances in most of the eluates from paper chroma tog rams of brain 
fractions, which were eluted with either pyridine or triethylamine-
containing buffers, rad effects on the cells ind.is tinguishable from 
those of the organic bas es which tr~ buff era contained (Fig. 20) o In 
addition, eluates from blank papers had similar effectso In no case 
was the action of an eluate from a chromatogram greater than that of 
the triethylamine mich was passed out of the electrode with the same 
current. On Renshaw cells, the organic base had a greater effect on 
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the responses to ACh tba.n it lad on the responses to an excitant 
amino acid (Figo 20). Thus, the only conclusion to be drawn from 
these experiments is that chromatograms of the cationic constituents 
of a crude mitochondrial fraction from brain contained no highly active 
components other than ACh and an unidentified compound, probably 
formed by the reaction between the organic base in the buffered solvents 
and anionic constituents of the paper. When testing anionic constitu-
ents of the extracts this difficulty did not arise, but no evidence was 
obtained that the extracts contained anionic components capable of 
affecting neurones. The failure to detect either aspartic or glutamic 
acids, which are excitants of neurones (Curtis, Phillis and Watkins , 
1960), was not unexpected since the content of glutamic acid in the 
crude mitochondrial fraction is very low (see section IV c). 
In conclusion, the techniques were adequate to demonstrate the 
presence of ACh in a brain extract, by its effect on central neurones, 
but they were inadequate to reveal the presence of other active 
cations or anions. Further progress along these lines will have to 
await the development of more refined methods of purification in 
which the introduction of active contaminants from extraneuronal 
sources is avoided. When such techniques bave been developed it may 
prove to be possible to purify larger quantities of extract and so 
permit the detection of compounds of a lower order of activity. 
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E) The action of drugs on presynaptic te:rminals 
i) Introduction 
:Eccles (1964) bas recently reviewed the aibject of presyz:aptic 
inhibition in t:00 central nervous system. Stimulation of appropriate 
afferent fibres diminishes spinal reflexes and reduces the size of 
intra-cellularly recorded excitatory posts:Y-naptic poten ti.a ls, and yet 
trere is no associated clBnge in the postsyna.ptic membrane, neither in 
its resting potential, nor in its electrical conductance, nor in its 
electrical excitability (Frank and Fuortes, 1957; Fran.kt 1959; Eccles, 
1964). It bas therefore been postulated that this type of inhibition is 
effected by a reduction in the amount of transmitter released at 
excitatory teminals, rather than by the postsynaptio action of an inhi .... 
bitory transmitter (postsynaptic inhibition). The early investigations 
of Gasser and Graham (1933) a.ni of Barron and :Matthews (1938) established 
tr.at dorsal root volleys produced slow potential changes within the 
spinal cord and that these changes were associated with an electrotoni-
cally propagated depolarization of dorsal root fibres. More recent 
studies (Eccles, Eccles and Magni, 1961; Eccles, Ma.€1).i and Willis, 1962; 
Eccles, Schmidt and Willis, 1962, 1963b,c) have established a causal 
relationship between presynaptic inhibition and the depolarization of 
primary afferent fi breso There are many consequences of this depola-
rization: The ·excitability of the prima:ry afferent fibres is increased 
(see Eccles, }Jagni and Willis, 1962; Eccles, Schmidt and Willis, 1963b; 
Eccles, 1964), slow potentials are recorded from the dorsal surface of 
the cord (Gasser and Graham, 1933), the size of tre action potentials 
propagating towards the excitatory synaptic terminals is decreased 
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(~-i,ccles, Schmidt arrl Willis, 1963c; Eccles, 1964), which presumably 
reduces the amount of transmitter released by each impulse (see Eccles, 
19.64). 
The primary afferent depolarization is considered to be the 
consequence of the depolarizing action of a trrc:.Lnsmitter at axo-axonic 
synapses upon afferent terminals (see Eccles, 1964). Thus the term 
presynaptic inhibition refers to the overall result and not to the 
mechanism by which trananitter release is diminished. 
Since presynaptic inhibition involves the action of transmitter 
substances, it is of interest to com_p3.re the phannacology of presy-
naptic inhibition with that of postsynapti c inhibition. Such studies 
may eventually yield clues to the nature of the respective transnitters. 
Tbe pharmacology of presynapti c inhibition in the mammalian 
nervous system differs from tmt of postsynaptic inhibition. Whereas 
posts;y"113.p ti.c inhibition in the spinal cord is blocked by strychnine, 
presynaptic inhibition is umffected, but it is reduced by picrotoxin, 
which has no effect on postsyraptic inhibition (see Eccles, 1964). 
These and other pha.nnacological observations have given rise to the 
suggestion that the transmitter involved in presynaptic inhibition is 
not the same as that which operates in postsynaptic inhibition 
(Eccles, Schmidt anl Willis, 1963a; Schmidt, 1963). However there are 
now a number of authentic cases of strychnine resistant pos tsynaptic 
inhibition (see Andersen, Eccles, Loyning arrl Voorhoeve, 1963; 
Crawford, Curtis, Voorhoeve and Wilson, 1963a) and the variations in the 
pba.nnacological affinities of the inhibitory receptors may merely 
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reflect minor differences in the receptors, such as are thought to 
exist with nioo tinic and muscarinic cholinocepti ve receptors, rather 
than differences in the transmitters which produce the two types of 
inhibition. 
A more specific suggestion regarding the identity of the pre-
synaptic inhibitory transmitter was rm.de by Eccles, Schmidt and Willis 
(1963a). They found that both Y8amino-11 ... butyric acid (GABA) and 
3-amino- l~propanesulphonic acid depressed the dorsal root potentials 
and increased the dorsal root reflexes when the amino acids were 
applied to the surface of the feline spinal cord. Moreover, Schmidt . 
(1963) showed that these amino acids and glutamic acid produced an 
increase in the excitability of primary afferent fibres in the toad 
spinal cord. These results led ]boles, Schmidt and Willis (1963a) 
to suggest tentatively tl:at GABA or a closely related compound could 
be the depolarizing transmitter acting at the presynaptic synapses. 
However~ Schmidt (1963) suggested tra t part of the depression of the 
dorsal root potent:ial produced by GABA and 3..amino-1-propanesulphonic 
acid was due to a depression of the interneurones on the presynaptic 
pathway. 
The results obtained by Eccles, Schmidt ar.d Willis (1963a) and 
Schmidt (1963) could have been produced by an effect of the amino acids 
at sites other tran the subsymptio receptors on the terminals of 
primary afferent fibres, since the method of applying the solutions to 
the spinal cord did not allow a precise analysis to be made of the 
actual locus of action. Therefore the present experiments were carried 
out in an attempt to overcome this objection, and to detennine more 
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precisely the action of amino acids on the excitability of pres~ptic 
terminals knovm to be depolarized by impulses in appropriate presynaptic 
inhibitory pathways. 
ii) Results 
A general description of the apparatus and of the technique is 
given in section III Eo The object of the experiments was to deter~ 
mine the excitability of t~ primary afferent fibres close to tmir 
teminals before, during and after the micro-electrophoretic appli~ 
cation of amino acids and other substances in the immediate vicinity 
of the terminals • 
Although glutamate ion in relatively high concentrations 
(5-50 x 10-3 M) depolarizes frog motor nerve fibres (Sasaki, 1958) 
it ms no effect on mammalian axons in the spinal card when it is 
passed electrophoretically into the vicinity of axons which have been 
penetrated by a 'microelectrode (Curtis, personal communication). GABA 
in very high concentrations ( Oo05 .... 0o5 M) has no effect on the pro pa ... 
gation of impulses in mammalian dorsal or ventral root fibres 
(:McLennan, 1957; Curtis, Phillis and Watkins 1 1959). Thus mammalian 
nerve fibres appear to be relatively insensitive to the actions of 
amino acidso It was therefore assumed that the changes in the excita,... 
hility of primary afferent fibres produced by electrophoretie ejections 
of amino acids in the vicinity of the terminals were due to an action 
on the terminals or possibly on the adjacent non-myelinated pretenniml 
segment of the axono 
One of the nnjor difficulties encountered was to orientate 
the micro-electrode accurately with respect to the terminals. There 
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were several ways in which this was achieved. First, the five-barrel-
led micro-electrode was inserted into the dorsal or ventral horn of the 
spinal cord while recording through the centre barrel the monosynapti c 
extra,..cellular field potentials. These potentials were generated by 
stimulation of the group Ia. muscle afferent or low threshold cutaneous 
afferent nerves in the hind limb. When these potentials reached their 
maximum size, it was reasonable to assume that the tip of the electrode 
was in a region where there was a large number of neurones fired 
monosynaptically and a correspondingly high density of nerve-terminals 
impinging upon them. In order to ascertain that sufficient amino acid 
could be ejected from the electrode to act on the synapses, the 
depressant effect of electrophoretically applied GABA was tested on the 
postsynapti c field potentials (Curtis, Phillis and Watkins, 1959). If 
no effect was obtained, then the electrode was moved slightly until 
a reduction in field potentials occurred. Sometimes a small presy-
naptic spike could be seen preceding the field potential generated by 
the cells and this aided the placement of the electrode. The centre 
barrel of the electrode was then connected into the stimulating circuit, 
and the electrodes on the peripheral nerves and the ventral roots were 
connected to the recording amplifiers. Graded stimuli were applied 
through the micro-electrode and the antidromic action potentials set 
up in the primary afferent fibres were observed on an oscilloscope and 
several superimposed traces were photographed. 
When investigating. the effect of drugs on the excit-abili ty of 
prin:ar,y ai'ferent fibres with monosynaptic connections onto motoneurones, 
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the excitability of the motoneurones was also observed by photographing 
the short Jatency (< 0. 2 msec) responses set up in the ventral rootso 
Very small movements of the electrode were found to cause a large 
change in the exci tabi. li ty curves . It was therefore necessary to carry 
out several control runs over a number of minutes in order to be sure 
that conditions were relatively stable o If the excitability curve did 
not recover after the administration of a drug , the results were igno-
red since the result could have been produced by movement of the 
electrode o 
Effects were not due to current alone since the ejection of 
sodium ions by even larger currents did not have any significant action 
on the excitability of muscle afferent or cutaneous afferent fibres . 
It is probable that responses detected at low stimulus intensities 
were due to the stimulation of texminals close to the tip of the micro-
electrode , whereas terminals further away were stimulated only by 
stronger stimuli . However , some of r esponses detected with small 
stimuli may have been due to the stimulation of fibres en passanto 
The failure in some experiments ( eo g. Fig . 22) to change the t11reshold 
with drugs which either increased or decreased the response obtained 
with stronger stimuli rray be due to the inability of these drugs to 
act on the shafts of the fibres . 
The action of the local anaesthetic , procaine, was of interest 
since it demonstrated trat drugs could be ejected from the micro- electro-
de in SJ.fficient concentration to reduce the excitability of fibres 
which were activated by stimuli passed through the same electrode. 
Fig. 21 illustrates a typical effect of procaine on the excitability 
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of group Ia fibres in the flexor digitorum longus (FDL) nerve when 
the terminals were stimulated by means of a micro- electrode placed in the 
FDL nucleus in the ventral horn. This reduction in the excitability 
of primary afferent fibres was accompanied by a reduction in the exci-
tability of the motoneuronal soma. Procaine was also observed to 
decrease the excitability of cutaneous afferent fibres. 
In the majority of experiments in which GABA was used, the amino 
acid was dissolved in water to give a concentration of 2 Mand the pH 
was then adjusted to pH 3:...4 with HCl in order to ensure maximal ioni-
zation as a cation. The action of GABA ,(Fig. 22) was similar to that 
of procaine , but the effects were less marked . Sometimes an additional 
effect was observed . At high intensities of stimulation the excitabi-
lity curve was lowered , but the threshold stimulus required to evoke 
a response was decreased. Although the upper part of the curve recove-
red with a time course similar to that of the extracellular field 
potentials , the threshold did not recover over relatively prolonged 
periods and there was occasionally a further reduction in the threshold 
when the GABA ej ection ceased (Figo 23) . It was suspected that the 
reduction in threshold rray have been due to damage to nerve termimls 
and fibres in the immediate vicinity of the micro- electrode. 
When GABA is passed from a solution of about pH 3 as a cation , 
each ion would be expected to release a proton when it reaches the 
extracellular fluid , and so produce a reduction in local pH (Curtis and 
'Watkins , 1960lf. Since hydrogen ions affect the activity of neurones 
(Curtis , Phillis and Watkins , 1959; Curtis and Watkins , 1960), it was 
thought that the prolonged increase in the excitability of terminals 
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which were activated at low stimulus intensities , a.n:l were presumably 
close to the micro- electrode , may lave been due to local changes in pH 
brought about by the electrophoretic ejection of GABA from solutions 
of pH 3-4. The effect of the electrophoretic ejection of hydrogen ion 
from Ool M solutions of HCl was therefore investigated. Sometimes it 
was ineffective but when an effect was observed it was similar to that 
produced by GABA passed from solutions of low pH (Figo 24) o There 
was sometimes a depression of the excitability of the fibres activated 
at suprathreshold stimulus strengths , and a reduction in the threshold 
stimulus. At other times the only effect observed was a reduction in 
... 
the threshold stimulus . However , the depression of the excitability 
curves by GABA seemed to be greater than that produced by hydrogen ions . 
The depressant action of GABA on primary afferent fibres was 
confinned when the amino acid was passed by cationic currents from solu-
tions of pH 5-6 0 At this pH GABA is mainly in the zwi tterionic for.m 
(pKa.1 • 4 023) , and thus would not. be expected to release a proton when 
it reaches the extracellular fluid; the amino acid presumably passes 
from the electrode predominantly by electro-osmosis. When GABA wa.s 
passed from such solutions (Fig. 25) . there was a marked and fully 
reversible reduction in tl-:e excitabili °t'J both of the primary afferent 
fibres of the biceps semitendinosus (BST) nerve and of the souas of 
the BST neurones , as shown by a reduction in the short latency 
responses recorded from the ventral rooto 
The action of acidic amino acids was more consistent . Since these 
were ejected as anions from solutions which were in the region of 
neutrality , the pH of the extracellular fluid would not be expected to 
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alter {Curtis and Watkins, 196Ca). Two 'excitanti acidic amino acids were 
tested. DL-homocysteic acid (DLH), is a more powerful excitant of neuro-
nes tmn L-gl utamic acid (L,..GLUT) (Curtis and Watkinsp 1963) and had a 
similar effect to !,..GLUT on the excitabili~J of primary afferent fibres, 
but was possibly slightly more active. The graph in Fig. 26 shows the 
excitability curves obtained for gastroonemius group Ia fibres before, 
during and after the electrophoretic ejection of DLH with a cur.rent of 
100 nA around the tenninals of these fibres in the gastrocnemius nucleus 
in the ventral horn. The excitability of the terminals activated by the 
intermediate stimulus intensities was increasedi but there was less effect 
at higher stimulus intensities, possibly because the terminals excited by 
these stronger stimuli were too far away from the electrode to be acces-
sible to the amino acido 
In addition to testing the actions of amino acids on the excitabili-
ty of primary afferent fibres, a few experiments were also carried out 
to examine the actions of ca.rbamylcholine, nor-adrenaline, picrotoxin and 
-
strychnineo In five tests no effect was obtained with carbamylcholine 
ejected with cuirents up to 70 nA, and in three tests ejection of picroto-
xin by currents up to 100 nA had no effect. In four tests with nor-ad.re-
-
naline there was no effect in two, and a slight increase in excitability in 
the other two. The increase in exci tabilit.J with B.Q£-adrena.line was so 
slight tba t it could have been due to a small movement of the electrode 
with respect to the terminals under test. Strychnine was tested on seven 
occasions and each time there was a reduction in the excitability of the 
primary afferent fibres; in some experiments the reduction was more marked 
than in others. The action of strychnine on gastrocnemius group Ia fibres 
is illustrated in Fig. 27. In ~1is experiment the e1ape of the control 
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excitability curve was typical of that observed in most experiments 
(see also Figs . 21 1 22 p 23 , 24 , 25 and 26) . Astle stimulus strength 
was increased , there was a stepwise increase in the size of the response 
recorded from the peripheral nerve o These steps presumably indicate 
either the heterogeneous nature of the population of terminals which a.re 
being stimulated or the fact that the tenninals or fibres tend to be 
aggregated in groups at certain finite distances from the micro ... electrode. 
Perhaps this grouping reflects the fact that the electrode was nearer 
to one neurone tlBn to others in the same field , and therefore the 
terminals associated with that neurone would be more easily excited by 
electrical pulses tban would terminals situated on neurones at greater 
distances from the micro- electrode . In this way it is possible to 
explain tlE observation that when the excitability of the terminals 
was depressed by drugs, the excitability curve was no longer parallel 
to the control curve , but tended to aJ.ternately approach it and diverge 
from it . 
iii) Discussion 
The experiments have shown that GABA depresses anl that the 
acidic amino acids (DL- homocysteic and L-glutamic acid) increase the 
excitability of primary afferent fibres in the spinal cord of the 
anaesthetized oat . 
GABA has no effect on crustacean nerve fibres (Kuffler and Edwards, 
1958) or on mammalian nerve fibres (McLennan , 1957; Curtis, Phillis and 
Watkins , 1959; Curtis, personal communication), and glutamic acid has 
no effect on crustacean nerve fibres (Van Harreveld, 1959), although 
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at very high concentrations it depola:rizes amphibian fibres (Sasaki, 
1958) . Thus it seems likely that the effects observed in the present 
experiments were due to an action on non- myelinated terminals or pre-
terminal segments of the primary afferent fibres . These effects are 
consistent with the actions of amino acids on the soma- membrane of all 
types of nerve cells which have so far been investigated (Curtis, 
Phillis and Watkins , 1959 , 1960, 1961; Curtis and Watkins, 1960a.,b , 
1963; Krnjevic and Phillis , 1961 , 1963a ,b; Crawford , Curtis, Voorhoeve 
and Wilson , 1963b; Andersen and Curtis , 1964a; Crawford and Curtis , 
1964) . 
Al though Ku:ffler and Edwards (1958) consider that the action 
of GABA on the cIUstacean stretch receptor is not localized to sub-
synaptic areas , but may al so be exerted on the soma-dendri tic portions 
of the membrane which have no inhibitory synapses upon them, Curtis 
(1961 and personal communication) considers the actions of amino acids 
on mammalian central neurones to be confined to subsynaptic areaso 
The evidence for this latter view is not strong and it seems impossible 
to exclude , on present evidence , an action on extrasynaptic portions of 
the neuronal manbrane . However , Diamond (1963) las shown that only 
certain regions , close to inhibitory synapses , of the membrane of the 
Mautlmer neurone in the goldfish were sensitive to GABA, whereas the 
whole of the membrane was sensitive to glutamic acid. In view of this 
somewhat conflicting evidence, it seems unjustifiable to conclude tint 
the effects on tenninals observed in the present e~riments were 
confined to those areas of the manbrane immediately underlying the axo-
axonic synapses . These observations on terminals provide no support 
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for the suggestion tbat GABA may be the transmitter which depolarizes 
the termimls of prima:cy afferent fibres during the presymptic inhi-
bitory process (Eccles, Schmidt and Willis, 1963a)o The depression 
of tha dorsal root potentials when GABA was applied to the dorsal surface 
of the spinal oord (Tucles et al. t 1963a) was probably due to the 
depressant effect of GABA on transmission at interneuro:ra.l junctions on 
the presy:raptic depolarizing inhibitory pathway. There is no satis-
factory explar.ation of the increase of excitability of dorsal root 
fibres in the toad spinal cord when GABA WijS applied to tre surface 
... 
(Schmidt, 1963) or of the increased dorsal root reflexes (Eccles et al., 
1963a). However, GABA may reduce the background inhibition on the 
presyrnptic pathway, so causing facilitation: the increase in pre-
synaptic inhibition produced by strychnine has also been attributed 
to the removal of background inhibition (Eccles et al., 1963a). The 
many possible sites at which GABA may act on the pathway far presy-
naptic inhibition may explain the variable effects which lave been 
observed (Eccles et al., 1963a). 
The abiliW of glutamic acid to increase tra excitability of 
afferent terminals is consistent vdth the hypothesis that an acidic 
amino acid rray be the transmitter involved in presynaptic inhibitiono 
However, an increase in excitabili"bJ is characteristic of the action 
of acidic amino acids on many types of central neurones (loco cito), 
and at these sites the effect bas been considered to be non-specific 
and unrelated to transmitter action (Curtis, Phillis and Watkins, 
1960; Curtis, 1962b; Curtis and Watkins, 1963). Perhaps the strongest 
argument against a transmitter function for gJntamic acid upon motoneu-
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rones is that the equilibrium potential for the depolarization differs 
from tlat of the synaptically induced depolarization (Curtis, 1962b) . 
The subcellular localization of glutarnic acid also argues against a 
transmitter function (see section IV c) . 
The failure to demonstrate an effect of carbachol on the excita,.... 
bility of prima:ry afferent fibres supports other pharmacological 
investigations (Eccles, Schmidt and Willis , 1963a; Kiraly and Phillis , 
1961) which suggest that spinal presynaptic inhibition does not involve 
cholinergic mechanisms o Neither does adrenergic transmission seem 
to be involved since .!!.Q!:.- adrenaline had no significant effecto 
The action on terminals of two drugs , picrotoxin and strychnine , 
which block presynaptic and postsynaptic inhibition respectively (see 
Eccles et alo, 1963a) was also investigatedo Tbe failure of picro-
toxin to alter the excitability of primazy afferent termirals suggests 
that the reduction in presynaptic inhibition is due not to a direct 
action on the excitability of the termirals , but that picrotoxin in 
some way prevents the transmitter from depolarizing the terminals o 
Strychnine abolishes postsynaptic inhibition without affecting 
postsynaptic excitation (Bradley, Faston and Eccles, 1953; Fatt, 1954; 
Curtis , 1962 , 1963) 0 Thus the depression of the excitability of the 
primary afferent fibres observed in the present experiments was probably 
unxelated to i t s effect on postsynaptic inhibition. Consistent with 
~~is interpretation is the observation that relatively large electro-
phoretic currents were necessary to reduce excitability, whereas 
diffusion from the electrode is sufficient to abolish post sy.naptic 
inhibition (Curtis , 1962) . The depression of the excitability of 
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primary afferent fibres may be related to the local anaesthetic type 
of action which has been demonstrated on amphibian and mammalian nerve 
" (Peugnet and Coppee , 1936; Bouman, 1937; Heinbecker and Bartley, 1939; 
/ / Coppee and Coppee- Bolly, 1941; Erlanger , Blair and Schoepfle, 1941; 
Alving , 1961) 0 However , the possibility cannot be exclud,ed tmt 
strychnine has a predilection for inhibitory terminals , in the same 
way tr.at it is more effective on some nerve fibres than it is on others 
(Peugnet and Copp~e , 1936; Heinbecker and Bartley , 1939) . 
Thus the transmitter res~onsible for depolarizing afferent 
nerve terminals and so producing presynaptic inhibition remains elusive, 
as do the transmitters operating at most other synapses in the central 
nervous system. However , the present experiments have served to 
eliminate some of the possibilities. 
' 
100. 
F) General discussion 
It is my intention in this section to summarize the nain 
findings reported in the preceding sections, and to refer briefly to 
some recent data which might have a bearing on the nature of central 
synaptic transmitters. 
With the demonstration that the cholinomimeti c substance in 
synaptic terminals is ACh and not a related compound (section IV B), 
the status of ACh as a central transmitter now seems secureo It 
occurs naturally and is stared in the nerve-terminals in synaptic 
vesicles (criterion 1, see section IV C); it is synthesized by an 
enzyme in the presynaptic tenninal (criterion 2, see section IV C); 
cholinesterase is present, probably in the postsynaptic manbrane 
attached to the te:rminal (criterion 3 , see section J:v C); administra-
tion of ACh near nerve cells, the Renshaw cell in particular, mimics 
the action of the transnitter released by nervous stimulation (criterion 
4 , see section V); ACh is released from nervous tissue and the amount 
is increased when nervous pathways are activated (criterion 5, see 
Angelucci, 1956; Elliott, Swank and Henderson , 1950; MacIntosh and 
Oborin , 1953; 1..ti.tchell , 196la ,b 9 1963; Mitchell and Phillis, 1962; 
Mitchell and Szerb, 1962 ; Szerb, 1963); pharnacologi.cal interactions 
on the Renshaw cell are similar to those of the naturally released 
transmitter (criterion 6, see section V) but this criterion has not 
been met at other cholinoceptive receptors in the central nervous 
system (see section V) o It has not been shown conclusively that the 
action of ACh on neurones is localized to the subsyna.ptic membrane 
(criterion 4) 0 but this criterion may not be obligatory (see section IVA)o 
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A number of other substances of interest as possible transmi• 
tters occur in the C.N.S., but in section IV C it was concluded that 
only for substance P was there good evidence of storage in nerve ter-
minals. So far there is no adequate evidence of a direct action of sub-
stance Pon central neurones, and attempts to demonstrate its release 
from the C.N.S. have been unsuccessful (Gaddum, 1962, 1963). Gaddum 
(1963) bas aptly summed up the position regarding the release of sub-
stances from central nervous tissue in the following words; tThere 
is no good evidence that any substance, except ACh, is liberated as a 
chemical transmitter in the central nervous systemt. There is no 
need to say more. 
The following comments on the action of drugs on central neuro-
nes are restricted to the results which ba ve been obtained when the 
compounds are administered into the immediate surroundirgs of t:te 
neurones under observation1 because the results obtained by systemic 
administration are difficult to evaluate (Curtis, Phillis and Watkins , 
1961). 
With the advent of the technique of micro-electrophoresis (see 
review by Curtis, 1964) a great deal bas been learned about the :phar-
macology of central neurones, but with the single exception of the 
synapses on Renshaw oells 1 there are still great gaps in our knowledge 
of the substances which are involved in synaptic transmission at 
particular siteso 
Many -neurones in different parts of the C.N.s. are sensitive 
to ACh, but there is a dearth of evidence to support the contention 
that the cholinoceptive receptors are concerned in synaptic trans-
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mission at these sites (section V). There is still less evidence 
that substances other than ACh are the transmitters at any particular 
site . 
Rothballer (1959) obtained activation of the electro- encepha-
logram when micro-injecti ons of catecholamines were made into the 
brain- stem reticular formation and Trzebski (1961) observed an increa-
sed activity of nearby neurones in the reticular fonna tion after micro-
injectioi1s of catecholamines . Bradley and Wolstenc:roft (1962) found 
that the electrophoretic application of ~adrenaline caused exci-
tation of some , and inlJ.i bi tion of other reticular neurones in decere-
bra te cats, a findirg which confirmed the earlier observations of 
Bradley and Mollica (1958) , who used systemic administration. However, 
Curtis and Koizumi (1961) failed to detect any effect with catechol-
amine$ applied electrophoretically to single neurones in tbe brain stem, 
a discrepancy which may be due to their use of anaesthetics. Although 
the evidence strongly suggests that these amines do :have an action on 
reticular neurones , it by no means proves that they function as trans-
mitters at these sitesg 
Recently , Bloom , Von Baumgarten , Oliver , Costa ani Salmoiraghi 
(1964) showed that the adrenaline- antagonists , di benamine ar.d tolazoline , 
reduced the inhibition of olfactory mitral cells produced by stimula-
tion of the lateral olfactory tracts , arrl also decreased the inhibition 
of spontaneous acti vi 17'.f caused by the e 1 ectrophoretic applica ti~n of 
E.QE.-adxenaline. Sine e no effect was ob tained with a tr opine , dihydro -
P- erythro idine, hexamethonium or pli.ysostigmine, even thou&h acetyl-
choline produced an effect similar to that of E.2!:,- adrenaline, it was 
sugges ted that an adrenergic mechanism was involved in lateral olfac-
tory tract inhibition. The evidence for this is not convincing. 
Von Baumgarten, Bloom, Oliver and Salmoiraghi (1963) were unable to 
demonstrate that the acetylcholine- evoked inhibition was modified by 
physostigmine , atropine or dibydro~- erythroidine; hence no particular 
sigiifioance can be attached to the failure of these substances to 
aff eot lateral olfa.ctory tract inhibition. Furthermore it is well 
established that ad.renergic blocking agents may aloo block the actions 
of acetylcholine (Fleckenstein , 1952; Boyd, Burnstock, Campbell , 
- Jowett , Shea and Wood , 1963) , and Bloom et al ., (1964) did not test the 
effect of dibenamine or tolazoline on the response to acetylcholineo 
Catecholamines have al.so been tested at other sites in the 
nervous system. The most extensive investigations are those of Curtis 
and Davis (1962) on neurones in the lateral geniculate body, and 
those of Krnjevic and Phillis (1963a,b and c) on neurones in the cerebral 
cortex. Crawford and Curtis (personal communication) have also obtained 
results similar to those of Krnjevic and Phillis (1963a , b , c) on corti-
cal neurones . At both sites the electrophoretic application of cate .... 
cholamines can depress spontaneous activity and the responses oft~ 
neurones to synaptic excitation; dopamine is more effective tmn either 
adrenaline or E.2!:-adrenalineo However , on cortical cells , but not on 
geniculate neurones, the excitant effect of acidic amino acids is also 
blockedo The reduction of the effect of amino acids on the cortex, 
coupled with the probability that the extra- neuronal concentrations of 
the amines were :high , led Krnjevic and Phillis (1963a) to suggest that 
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the effects on these cells were associated with non- specific actions . 
Such non- specific a ctions rray also explain the actions of catechola-
mines at other sites (e . g. on hypothalamic neurones: Bloom, Oliver 
and Salmoiraghi 11 1963) & 
Since the excitant effects of amino acids on genicula.te neu-
rones were not blocked by catecho1£rnrlnes in concentrations which blo-
cked syraptic excitation , it was postulated (Curtis and Davis, 1963) 
that the catecholamir:es could be competing with the excitatory 
transmitter at postsyn1ptic receptor sites, and may therefore be 
structurally related to the transmitter . However , an action on pre-
synaptic terminals could not be excluded. 
Owman (1964) has made the interesting observation that nerve 
tenni:nals in the pineal body , and elsewhere under special conditions , 
may take up amines from the extra- neuronal environment in vivo . If 
tem.inals in tbe geniculate rody have the same ability to take up 
amines , then it is possible to explain the inability of catecholamines 
to block the postsynaptic excitatory effects of amino acids at concent-
rations which block synaptic transmission. The block of synaptic trans-
mission may be envisaged as being due to an action on the terminals of 
a similar non- specific type as tln t observed on cortical neurones. 
Curtis and Davis (1962 , 1963) and Krnjevic arrl Phillis,(1963a) 
also investigated the actions of various indolic substances on geni-
oulate and cortical neurones respectively. At both sites the action 
of indoles was qualitatively similar to that of catecholamines, but 
there were marked differences in relative potencies: on geniculate 
cells the hydroxytryptamines, in particular 4-hydroxytryptamine, were 
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more potent than the catecholamines , whereas on cortical neurones 
dopamine was one of the most potent compounds tested. Thus not only 
do the effects of indoles on genicula te neurones differ from the 
effects on cortical neurones in a qualitative fashion , but they also 
differ quantitatively. These quantitative differences may also be 
due to uptake by the terminals in the geniculate body, but such uptake 
has yet to be· demonstrated. Thus it is the author's opinion that 
the experiments which have so far been carried out on the effects of 
catecholamines and of indo leamine s on central neurones have given no 
firm support to the view that the transmitters operating at these 
sites are related to the substances which have been tested . Indeed , 
if the interpretation of the ru.bcellu.lar distribution studies is 
correct (see page 72 ) , this lack af support is not surprising. 
In addition to the depressant effects which we hive been discus-
sing , exci tant acti ons have been noted on reticular neurones (Bradley 
~~d Wolstencroft , 1962) , on cortical neurones (Krnjevic and Phillis , 
l963a ,b , c) and on olfactory neurones (Von Baumgarten, Bloom, Oliver and 
Salmoiraghi , 1963), but again there is no evidence to suggest that 
these excitant effects are in any way related to those of excitatory 
transmitters at these sites. 
In previous sections (sections IV C and IVE) the role of amino 
acids in conventional transmission and in presynaptic inhibitory pheno-
mena were discussed~ am. the conclusion was reached that they do not 
function as transmitters . In keeping with this conclusion, Gaddum 
(1%2) was unable to obtain evidence for the release of substances with 
Factor I activity from the central nervous system,, 
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Another observation merits comment in the present context: 
Ramwell an::l 511aw (1963) have shown trat an unidentified oxytocic prin-
ciple is releaed from the cortex when it is stimulated directly, trans-
callosally or through peripheral nervous pathways. Furthermore, this 
substance nay be extracted from guinea pig or ox brain. It remains to 
be seen whether, like acetylcholine, the substance is localized in 
synaptic te:rmirals, and whether it ms pha:rmacological properties 
which would be appropriate for a synaptic transmitter. 
Finally, it was shown in section TV D that it was possible to 
purify an acetylcholine-containing fraction sufficiently to eject the 
ACh from a micro-electrode in adequate amounts to excite single Renshaw 
neurones. Although the method bad drawbacks, which perhaps explained 
the failure to detect other substances with actions on neurones, it 
is felt tbat the technique offers new opportunities for the detection 
and ultimate characterization of other transmitters in brain extractso 
v) 
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THE PHARMACOLOGY OF CENTRAL CHOLINOCEPI1IVE RECEPrORS 
Introduction 
In the preceding section, it has been emphasized that acetyl" 
choline is the only substance for which there is adequate evidence of 
a transmitter function in the mammalian central nervous system. 
Furthermore, the most satisfactory evidence is that obtained from 
studies on Renshaw cells. 
Renshaw cells are situated in the ventro-medial part of the 
spinal cord and are monosynaptically activated by antidromic volleys 
in the appropriate ventral roots (Renshaw, 1946; Eccles, Fatt and 
Koketsu, 1954; Eccles, Eccles and Fatt, 1956; Frank and Fuertes, 1956; 
Curtis and F,ccles, 1958a,b; Longo, Martin and Unna, 1960; Eccles, 
Eccles, Iggo and Lundberg, 1961; Haase, 1963; Wilson and Talbot, 
1963). This monosynaptic activ~tion results in a characteristic 
high frequency discharg~o There is now a great deal of evidence 
that transmission of the nerve impulse from the terminals of the 
motor axon coll aterals onto these cells is effected by a cholinergio 
mechanism { Eccles et al., 1954; Ee lee et alo, 1956; Curtis and 
Eccles, 1958a,b). Renshaw cells are also activated by dorsal root 
volleys (Renshaw, 1946; Frank and Fuertes, 1956; Curtis, Phillis and 
Watkins, 1961), and this excitatory pathway is probably non-cholinergio 
(Curtis et al., 1961). 
The earlier investigations (F,ccles et al., 1956; Curtis and 
Eccles, 1958a) showed that the cells were sensitive to tnicotinict 
lOOo 
substances (Dale, 1914) and relatively insensitive to •muscarinio' 
substances. The response to orthodromic activation via the ventral 
root was blocked by dihydro-43-erythroidine (see also Longo, et al., 
1960), but not by atropine. These results suggested that the acetyl~ 
choline receptors were of the 'nicotinicV type. This conclusion 
will be discussed in section (VB) and additional evidence will be 
produced which shows that there are both nicotinic and muscarinie 
receptors on the same neurone. In the discussion, these results 
will be compared with those obtained at different cholinoceptive 
sites by other investigators. 
There is evidence that a depression follows the initial 
high frequency firing in response to a ventral root volley. 
A conditioning stimulus applied to a ventral root depressed the 
response to a second stimulus for periods up to 100 msec (Renshaw, 
1946; Eccles et al., 1954). There was also a reduction in a test 
excitatory postsynaptic potential, recorded intracellularly, when 
this was preceded by a conditioning volley in the ventral root 
(Eccles ~t al., 1961)0 Furthermore, Frank and :Fuertes (1956) and 
Curtis and Eccles (1958a) noted that the spontaneous discharge was 
reduced in the period following activation of the cell by ventral 
root stimulation. The latter investigators also observed that the 
frequency of firing of some cells declined during the electrophoretic 
administration of ACh with a constant ejecting current. Desensitization 
to ACh, but not to nicotine, was also observed by Eccles et al., 
(1956) after intra-arterial injection, although this was not neces-
sarily due to a direct action on the Renshaw cello During a more 
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intensive investigation of the action of cholinomimetic substances 
on Renshaw cells, it was noted that desensitization was regularly 
observed when acetylcholine was administered electrophoretically 
for a sufficiently long period. A more detailed study of the 
desensitization caused by cholinomimetic agentij ·, and by activation 
of the Renshaw cell after stimulation of the ventral roots, was 
therefore carried out. An attempt was ma.de to distinguish between 
specific desensitization, which only affects the action of substances 
reacting with the same receptor, and non-specific desensitization, 
which affects substances reacting with different receptors. 
Paton (1961) has proposed a 'rate theory' which introduces 
the concept that the magnitude of the response produced by a 
substance is determined by the rate at which it combines with 
receptors. Inherent in this theory is the conclusion that, when 
a substance has combined with the receptor, the number of receptors 
available for occupation decreases, and so the rate of combination 
between drug and receptor also decreases and leads to a reduction in 
the response. Hence, the pattern of the response to a particular 
drug depends to a great extent on the rate of dissociation of the 
d.rug-.receptor complex; potent excitants tend to have fast rates of 
dissociation from the receptor molecules, whereas specific blocking 
agents :have slow rates of dissociation. The theory also predicts 
that, in the continued presence of an excitant, the effect will 
decrease to an equilibrium and the rate and extent of such a tfade' 
will depend upon the concentration of the drug and its association 
and dissociation constants with regard to the receptor moleculeso 
110. 
This 'fade' phenomenon arrl the action of specific blocking agents 
are produced by the saire mechanism, which is termed specific desen-
sitization. In contrast, non-s~cific desensitization affects the 
reaction of trn tissue to drugs acting on a variety of receptors. 
It nay be due to some consequence of excitation of the cell, such 
as exhaustion of some intra-cellular component (Paton, 1961). 
However, it is possible that a non-specific desensitization could 
also be produced by blocking a process intermediate betvreen occu-
pation of the receptor by the agonist molecule and excitation; 
this intermediate s ta.ge would l:a ve to be the same for excitation 
initiated by the interaction of agonists with different receptors 
(see Discussion)• 
The excitatory action of acidic amino acids upon Renshaw 
neurones is unaffected by the administration of dihydro-~~orythroi-
dine, which blocks the action of cholinomimetic substances (Curtis, 
Phillis and Watkins, 1960, 1961). Since the actions of amino 
acids and cholinomimetics seem to involve different receptors, it 
was possible to differentiate between specific and non-specific 
desensitization by employing cholinomimetic substances and an 
exci tant amino aaid (DL-homocysteic acid) in these studies. 
B) 
111. 
On the presence of nicotinic and muscarinic receptors on the 
same Renshaw neurone 
i) Results 
a) The relative potencies of cholinomimetic substances 
The relative potencies of a wide range of cholinomimetie 
substances were determined on Renshaw cells, and on a variety of 
other preparations in which the effects are typically nicotinic or 
muscarinio. The potencies on Renshaw cells were determined by compa-
ring the electrophoretic currents required to produce equal effects when 
the compounds were ejected from the micro-pipettes. In such comparisons 
it was necessary to have the substances in equimolar concentrations• 
sjnce diffusion from the micro-pipette was related to the concentration 
of the cholinomimetic within it. Other factors also control the 
rate at which substances are ejected electrophoretically from micro~ 
pipettes (Curtis, 1964). Therefore, the relative potencies so deter-
mined are only approximateo 
Inspection of Table 5 shows that the relative potencies of 
various cholinomimetic substances on Renshaw cells were similar to 
those obtained when the tests were carried out on peripheral nicotinic 
receptors. Furthermore, the effects on Renshaw cells bore a closer 
resemblance to those on ganglionic receptors than on the nicotinio 
receptors of skeletal muscle. In Fig. 28, the substances are aJ:Tanged 
in descending order of the potency determined on the blood pressure of 
the atropinized cat (indicated by filled circles)e The approximate 
potencies on Renshaw neurones are indicated by the open circles; where 
the potencies were more than four times as great as that of ACh, or 
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less than one fifth of the potency of acetylcholine, this is indicated 
by arrows pointing up or down respectivelyo The figure demonstrates 
that there was a reasonable correlation between the effectiveness on 
Renshaw neurones and on the blood pressure of the atropinized cat, 
but there was no similarity to the effect on the muscarinic receptors 
of the guinea pig ileum (crosses). 
Although muscarine and acetyl- ~"methylcholine wer0 very 
ineffective when tested on peripheral nicotinic receptors (see Table 5), 
they excited Renshaw neurones (Figs. 29, 30, 32 9 33, 49), but the 
potencies were less than trat of acetylcholineo The effects of 
muscarine and acetyl--43- methylcholine were variable. In some experi-
ments (see Fig. 32), there was a gradual increase in the rate of firing 
during the application and a slow recovery when the ejecting current 
was terminated. In most experiments (see Figs. 29, 33, 49), there was 
either no firing or a slow onset of firing during the application 
but the rate of firing increased when the electrophoretic current 
was tenninated and then slowly declined to the resting level. When 
this type of effect occurred, the rate of firing attained during the 
application tended to remain constant despite an increase in the 
ejecting current (Fig. 30), but the rate attained after the current 
was terminated rose progressively. In other experiments (see Fig. 49), 
firing did not commence until the ejection was terminated. The excita-
tory actions of dl- muscarine and acetyl~-methylcholine indicated 
that there might be muscarinic receptors in addition to nicotinic 
receptors on single Renshaw neurones. Further investigations were 
therefore carried out to test this postulate. 
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The action of acetylcholine-antagonists on the excitatory 
effects of cholinomimetio substances 
As found by previous investigators (Eccles, Fatt and Koketsu, 
1954; Curtis and Eccles, 1958a; Curtis, Phillis and Watkins, 1961) the 
effect of acetylcholine could be reduced or abolished by the ad.mini~ 
stration of dihydro~-erythroidine. Fig. 31 A (right hand side) 
shows that the passive diffusion of dihydro-~-erythroidine from the 
electrode caused a marked reduction in the response to acetylcholine. 
When the antagonist was ejected by electrophoretic currents as high 
as 20 nA, which completely suppressed the response to acetylcholine, 
the response to an excitant amino acid, DL-homocysteic acid, was 
unaffected, or possibly slightly increased. 
Dibydro~-erythroidine was about 200 times less effective 
than atropine in blocking the muscarinic action of acetylcholine 
upon the guinea pig ileum, but was more than 200 times as effective in 
blocking the nicotinic effect of acetylcholine on the toad rectus 
(Ryan, unpublished)Q Since the excitant effect of acetylcholine on 
Renshaw cells was abolished by low concentrations of dihydro-~-erythro-
idine, the action of acetylcholine appeared to be due largely to an 
interaction with nicotinic receptors. It was therefore of interest to 
compare the effects of dihydro-~-erythroidine and atropine on the 
responses of the Renshaw cells to acetylcholine and the cholinomimetic, 
acetyl -methylcholine, which may have been producing its eff ect by 
an interaction with muscarinic receptors. 
Attanpts to demonstrate a differential effect of electro-
phoretically administered atropine yielded only inconclusive results; 
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this method of application frequently depressed the responses to both 
cholinomimetics and to excitant amino acids . This non- specific action 
of atropime has been previously reported and was attributed to a local 
anaesthetic type of effect on the cell membrane(Curtis and Phillis , 
1960) 0 
A clear demonstration of the presence of both nicotinic and 
muscarinic receptors was obtained when the atropine was injected 
intravenously in small doses o Figo 32 illustrates the results obtained 
in such an experiment . In Fig. 32 A, control responses to acetylcholine 
and acetyl...{3- methylcholine were obtained. Dihydro Merythroidine was 
then ejected from the micro- pipette for a period of 3 min before the 
records in Figo 32 B were obtainedo At this time (Fig. 32 B) the 
response to acetylcholine was reduced by about 60 per cent, but the 
effect of acetyl - methylcholine was only slightly reduced during the 
early part of the response . The electrophoretic ejection of dihydro~-
erythroidine was then tei-minatedo (The specific action of dihydro-'3-
erythroidine is also illustrated in Fig. 38) . Four minutes later , when 
the response to acetylcholine had recovered (as in Fig. 32 C), 0.1 mg/kg 
of atropine sulphate was injected intravenously t and six minutes later 
the records shown in Figo 32 C were obtained; the effeet of acetyl-13~ 
methylcholine was greatly reduced, whereas the r.esponse to acetylcholine 
was unchanged. Much higher doses of atropine , up to 1. 7 mg/kg 
(Fig. 32 D and E) , caused only a slight reduction in the response to 
acetylcholine; the excitant effect of dl- muscarine was also blocked by 
atropine . Thus , the effect of acetylcholine appeared to be due mainly 
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to an interaction with nicotinic receptors and that of acetyl -
methylcholine to an interaction with muscarinic receptors, although the 
latter substance may have some nicotinic action. 
Since acetylcholine reacts with peripheral nicotinic and 
muscarinio receptors, it was of interest to see whether an effect on 
muscarinic receptors could be demonstrated after the nicotinic recep-
tors had been blocked by dihydro-f:$- erythroidine. Dihydro -erythroidine 
usually completely suppressed the firing induced by acetylcholine. 
However , when the amount of acetylcholine ejected was increased, after 
blockade of the nicotinic receptors with dihydro....f3~erythroidine, 
acetylcholine caused the cell to fire (Figo 33 B). This excitation 
was much slower in time course than the response obtained initially, 
but was similar to the action of acetyl-f3-methylcholine on the same 
cell and was reduced by the administration of atropine (Fig. 33 c). 
Another piece of evidence, suggesting a dual action of acetyl-
eholine, was obtained in a few experiments when large amounts of 
acetylcholine were ejected (Fig. 34) . In these experiments the recovery 
appeared to consist of a fast phase and a slow phaseo This is clearly 
seen in Fig. 34 after acetylcholine was ejected with a brief current 
pulse of 150 nA , but was less evident with lower concentrationso 
Fast and slow phases in the recovery have also been observed following 
the administration of carbamylcholineG However, the time course of 
the slow phase following the ejection of carbamylcholine was extremely 
prolonged , and in some experiments, particularly after the ejection 
of large amounts, it exceeded 1 hr in duration. In one experiment 
when atropine (O.l mg/kg) was injected intravenously during this slow 
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phase of the recovery after carbamylcholine, the rate of firing 
decreased to the original levelo 
These experiments have provided the first conclusive evidence 
that both nicotinic and muscarinic receptors may occur on the same 
neurone , but tpey yield no information regarding the spatial relationships 
of the two types of receptor upon the membrane of the Renshaw cello 
The actions of several other acetylcholine-antagonists were 
also investigated. Hexamethonium,d- tubocurarine and tetraethylammonium 1 
applied electrophoretically to Renshaw neurones, blocked the action 
of acetylcholine but not that of acetyl- ~Mmethylcholine nor that of 
DL-homocysteic acid. 
Tetraethylammonium (TEA) bad a very brief depressant action 
on the firing induced by acetylcholine (Fig. 35 A) and on the firing 
induced by nicotine (Fig. 35 Band c). When TEA was administered 
electrophoretically at the same time as nicotine (Fig. 35B), the 
neurone did not fire but the cell began firing when the ejection of 
both nicotine and TEA was terminated. The firing frequency climbed 
to a maximum, which: exceeded the resting rate of discharge,. and then 
declined with a time course similar to that observed following a control 
test with nicotine alone. When TEA was ejected up to 3 min after the 
ejection of a larger amount of nicotine (Figo 35 C), a brief reduction 
in the firing frequency was observedo 
This experiment was of interest since it demonstrated that 
the rate of removal of nicotine from the site of application was a 
slow process, lasting for several minutes; if the prolonged action of 
nicotine was due to prolonged receptor occupation and nicotine was 
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rapidly removed from the site of application , then it is impossible 
to explain why , after receptor occupation had presumably been prevented 
by the simultaneous application of TEA (Fig. 35 B) , the rate of firing 
rose when the ejections of nicotine and TEA were terminated , and then 
decl ined with a time course similar to that of a control ejection of 
nicotine alone . However , if the prolonged action of nicotine was due 
to slow removal , then the results obtained in Figo 35 Band Care 
easily explained on either receptor occupation theory (see reviews by 
Arie:ns and Simonis , 1964a , b) or rate theory (Paton , 1961) 0 
The rates of offsets of the excitant effects of other cholino-
mimetic substances (see Fig. 29) may therefore be determined largely 
by the rates at which they are removed , rather than by the relative 
stabilities of the drug- receptor complexes o 
The rates of removal are probably determined by the rates of 
inactivation by cholinesterase , by diffusion and possibly by uptake 
by adjacent tissues . It is also likely that these factors limit the site 
of action of different electrophoretically applied drugs to different 
areas of cell membrane o This conclusion is important when interpreting 
the differential effect of dihydxo"~- erythroidine on the orthodromio 
responses of Renshaw cells and on the action of cholinomimetic 
substances (section VB o) . 
c) The effect of acetylcholine- antagonists on orthodromic responses 
Since good evidence for the presence of both nicotinic and 
muscarinic receptors was obtained by the pharnacological tests which 
have just been described , it was of interest to determine whether 
both types of receptors were involved when the cell was synaptically 
activated . 
118. 
Following a single stimulus to the ventral root, a Renshaw 
cell fires initially at a high frequency which then declines over a 
period ra11o.oing from 20-50 msec (Fig. 36; see also Renshaw, 1946; 
Eccles et al., 19541 1956; Longo et al., 1960)0 This initial response 
is followed by a period of about 200 msec, during which spikes are 
not observed (see Figs. 36 and 37 A). This period, which will be 
called the pause, was also noted by Frank and Fuertes (1956) and by 
Curtis and Eccles (1958a)o After the pause, the firing rate of the 
cell increases to a maximum at about 1 sec after the stimulus and then 
gradually returns to the initial background rate of firing within 
3 sec (Fig. 37 A). The maximum frequency of firing during this late 
response, which was previously observed by Frank and Fuertes (1956), 
was always lower than the frequency attained during the initial 
response (see Fig. 37 A). An initial response, smaller than that follo" 
wing ventral root stimulation, and a pause, but not a late response, 
were also observed when Renshaw cells were fired by volleys in the 
dorsal roots (Fig. 37 Band c). 
It is well known that the initial response following activa-
tion of ventral root fibres, but not the initial response following 
stimulation of dorsal root fibres, is blocked by dihydro ~crythroidine 
(see Eccles et alo, 1956; Curtis and Eccles, 1958b; Curtis et al., 
1961)0 Presumably, muscarinic receptors are not involved in the 
former response. Fig. 38 shows the effect of dihydro -erythroidine 
on the number of spikes in the initial response following ventral 
root stimulation (Fig. 38 A), on responses to electrophoretically 
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ad.tninistered acetyl-{3- methylcholine or :nicotine (Figo 38 B) , and on 
the responses to acetylcholine or .a.- butyrylcholine (Fig. 38 c) . 
This experiment took over 2 hr to complete. During this period , the 
effect of an· excitant amino acid , DL-homocysteic acid , which is 
unaffected by dihydro- B-erythroidine (see Fig. 31) , tended to vary , 
due to minor changes in the relative positions of the electrode and 
the cell under observation. In order to allow for this variation, 
the responses to the cholinomimetics are expressed as percentages of 
the control responses to DL-homocysteic acid. 
Dihydro-'3- erythroidine caused a marked reduction in the 
orthodromic response and in the responses to nicotine , acetylcholine 
and .a-butyrylcholine , but there was no depression of the maximum 
firing frequency attained by the electrophoretic ejection of acetyl-{3-
methylcholine . It is significant that all three substances whose 
effects were blocked by dihydro-13- erythroidine possessed marked 
nicotin like effects (Table 5) . However , following the cessation of 
the current ejecting dihydro- ~- erythroidine , the recovery to orthodro-
mic activation and nicotine followed a similar , prolonged time course , 
but the recovery to acetylcholine and B,- butyrylcholine was rapid . The 
t ransmitter substance liberated during synaptic activity of the termi-
nals of the motor axon collaterals is assumed to be acetylcholine , but 
the different time courses of the recovery to acetylcholine and ortho-
dromic activation appear to be at variance with this hypothesis . This 
discrepancy may be due to the fact that the cholinomimetics , ace~Jl-
choline and B,- butyrylcholine , are limited in their sites of action to 
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a small proportion of the total area of the receptor surface (see 
pagel17). However , nicotine may affect more of the available receptor 
surface, in the same way that orthodromic activation presumably leads 
to the release of acetylcholine over a large proportion of the cell 
membraneo In order to produce a given response,. by activation of 
receptors on a small part of the available receptor surface, the 
concentration of cholinomimetics, such as ·acetylcholine or .E,.-butyryl-
choline, would be larger than ·that required to produce the same 
response with nicotine (or with the transmitter liberated by ventral 
root stimulation), which produce their effects on a larger area of 
receptor surfaceo A given concentration of dihydro -erythroidine 
would therefore block the action of nicotine and the synaptic trans-
mitter more effectively than that of acetylcholine or B,-butyrylcholineo 
An alternative explanation is that the receptors with which the trans~ 
mitter and nicotine react are different from those with which acetyl-
cholin.e and .E,.-butyrylcholine react. This is unlikely because both 
types of receptors appear to be blocked by dihydro-~-erythroidine. 
Dorsal root volleys fire Renshaw neurones, but there was no 
late response {see Fig. 37). The initial response is unaffected by 
dihyd.ro -erythroidine, and therefore the mechanism was said to be 
non- cholinergic (Curtis, Phillis and Watkins, 1961). Renshaw neurones 
have now been shown to have muscarinic receptors as well as nicotinic 
receptors, and it was possible that transmission from the terminals of 
the interneurones activated by dorsal root volleys was cholinergic, 
but that it involved muscarinic receptors. However, the initial 
response recorded from Renshaw cells following dorsal root stimulation 
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was unaffected by atropine,~administered intravenously in doses up to 
1 mg/kg. Thus, the conclusion that this transmission is non-choliner-
gic appears to be correct. 
Another possibility is tmt muscarinic receptors are involved 
in the production of the late response following ventral root s timula-
tiono The effect of atropine on this late response is shown in 
Figs. 39 and 40 B. When atropine was administered intravenously in 
a dose of 0.1 mg/kg, the late response was completely abolished, but 
there was no effect on the initial responseo It is of interest to 
note that the pause seemed to be prolonged, presunably because the 
late response norrrally tends to overcome the depression of firing 
during the pause, which is thought to be due to desensitization 
(see section V D). Even a larger dose of a t:ro pine (1 mg/kg) had no 
effect on the initial response (Fig. 39), but the rate at which the 
cell was firing spontaneously, which had already been slightly reduced 
by the preceding dose of atropine, was reduced still furthero Thus, 
much of the background activity of Renshaw cells appears to be due to 
the interaction of acetylcholine with muscarinic receptors. 
The effect of dihydro-P-erythroidine (Fig. 40 A) demonstrates 
the clear distinction between the initial response, which involves 
interaction with nicotinic receptors, and the late response, which 
involves interaction with muscarinic receptorso In this experiment the 
d.ihydro-'3-erytbroidine (20 mM in 165 mivI NaCl) was ejected from the 
micro-pipette with an electrophoretic current of 25 nAo This reduced 
the average rate of firing during the initial response from 700/sec 
-
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to about 150/sec. In contrast, the maximum firing rate during the 
late response increased from 50/sec to 70/sec. This increase may be 
partly due to a direct stimulant effect of dihydro-~-erythroidine; 
when the electrophoretic ejection was continued, the background firing 
of the cell tended to increase , expecially when large electrophoretio 
currents were used to eject the antagonist (see also, Curtis, et al., 
1961) 0 This direct excitant effect of dihydro.J,3- erythroidine may be 
the consequence of interaction with nicotinic or even muscarinic 
receptors o 
The late response following a single ventral root stimulus 
was typically prolonged and lasted for periods of up to 4 sec (see 
Fig. 37A , 39 and 40) . Since the late response and the spontaneous 
activity were both reduced by atropine and therefore presumably 
involved the interaction of acetylcholine with muscarinic receptors , 
it seemed possible that the spontaneous activity was the result of the 
summation of the small late responses arising from random synaptic 
bombardment of the cellso It was therefore of interest to determine 
whether the late responses summed on repetitive stimulation of the 
ventral roots. 
Some of the results obtained in one such experiment are shown 
in Fig. 41 . In this figure the initial responses have been omittedo 
The filled circles show the late response following a single stimulus 
and the dotted line represents the rate of discharge under resting 
conditions . When the ventral root ~as stimulated at a rate of 3/sec 
for 3 sec , the late response following the last stimulus in the train 
bad the form indicated by the open circleso The response rose to a 
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maximum more slowly than it did after a single stimulus, the maximum 
frequency was higher and the duration of the discharge was more prolon-
ged; there was no noticeable effect when the root was s_timul~ted at 
1/sec or lesso At higher frequencies of stimulation, there was an 
even slower rise to the maximum firing frequency following the last 
stimulus in the train and the duration of the response became progres-
sively more prolonged; at a frequency of 200/sec, the late response 
lasted about 50 sec. The progressively slower rise of the late 
response with increasing frequency of stimulation may be correlated 
with a progressively more prolonged desensitization during the initial 
response, as indicated by the fact that the number of spikes elicited 
during the initial response fell as the frequency of stimulation 
increasedo 
ii) Discussion 
The demonstration that Renshaw cells have both nicotinic 
and muscarinic receptors provides the first conclusive evidence that 
both types of receptor may be present on a single neuroneo The 
pharmacology of the Renshaw cell is in fact very similar to that of 
SJ,mpathetic ganglia, where both nicotinic and muscarinic receptors 
have also been demonstrated (Ambache, Perry and Robertson, 1956; 
Eccles and Libet, 1961; Jones, 1963; Takeshige, Pappa.no, Groat and 
Volle, 1963; Takeshige and Volle, 1963; Libet, unpublished)o Howeveri 
there is as yet no clear evidence that in·ganglia both types of 
receptor are present on the same neuroneo 
Atropine is ineffective on the initial response recorded from 
Renshaw cells following volleys in the ventral rootso However, 
following ventral root stimulation, there is a late response, which is 
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completely suppressed by atropine; this late response is presumably 
similar to the late negative wave which has been recorded from sympa-
thetic ganglia following preganglionic stimulation and which is also 
suppressed by atropine (Eccles and Libet, 1961; Libet, unpublished)o 
Since atropine did not reduce the initial response, it was possible 
tbat the muscarinic receptors involved were located beneath synaptic 
tenninals different from these which belong to the motor axon colla-
teralso Renshaw cells are known to be activated by volleys in dorsal 
root fibres (Renshaw, 1946; Frank and Fuortes, 1956; Curtis et al., 
1961), and transmission via this pathway is not blocked by dihydro-13-
erythroidine (Curtis et al., 1961)0 However, atropine did not block 
the effects of dorsal root stimulation. Nevertheless, it is possible 
that other excitatory pathways onto Rensh3.w cells may have a final 
cholinergic step which involves muscarinic receptors. Alternatively, 
the muscarinic receptors may be extra-synaptic, as suggested for the 
muscarinic receptors in sympathetic ganglia (Takashige and Volle1 
1963). 
Muscarinic receptors were involved both in the late response 
following maximal ventral root stimulation and in spontaneous activity. 
Furthernore, the late response was greatly prolonged by repetitive 
stimulation of the ventral root, even at quite low frequencieso 
Therefore, the spontaneous activity of Renshaw cells may be caused by 
the slow release of acetylcholine from the terminals of motor axon 
collaterals and the subsequent combination of acetylcholine with the 
muscarinic receptorso However, the late response may not be signifiw 
cant under physiological conditions of synaitic activation1 and it is 
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possible that acetylcholine derived from non-neuronal sources normally 
combines with these receptors. These muscarinic receptors may 
maintain a slight background of inhibition onto motoneurones that is 
sufficient to reduce the effects of random excitatory bombardment. 
Many other neurones in the central nervous system are cholino-
ceptive, but there is no conclusive evidence for cholinergic transmis-
sion at any of these sites. 
Krnjevic and Phillis (1963b, c) and Crawford and Curtis 
(unpublished) have shown tbat the effects of acetylcholine on Betz 
cells are reduced by atropine but not by dibydro -erythroidine and 
that muscarine and acetyl-~-methylcholine are potent excitants. 
Therefore, the receptors are presumably of the muscarinic type. 
Although intravenous doses of atropine tended to reduce the late, 
presumably •polysynaptic, response which followed stimulation of the 
internal capsule or the thalamus (Krnjevic and Phillis, 1963b), this 
effect of atropine cannot be considered as conclusive evidence for 
cholinergic transmission involving muscarinic receptors on Betz cellso 
Since locally applied atropine briefly depressed synaptic activation 
and the response to glutamic acid, but caused a prolonged depression of 
the response to acetylcholine (Krnjevic and Phillis, 1963b) 1 it seems 
likely that the only effect of atropine on the synaptic activation of 
Betz cells is a non-specific, local anaesthetic type of action 2 similar 
to that observed on other tYI)es of central neurones (Curtis and 
Phillis, 1960)0 Thus, the site of action of atropine on the late 
synaptic response recorded from Betz cells may be on the interneurones 
on the polysynaptic pathwayo Furthe:rmore, the possibility cannot be 
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excluded that these interneurones are subject to the excitatory 
effects of acetylcholine derived from extra-neuronal sources , and that 1 
by removing this background of excitation, atropine may depress trans-
mission at these synapses . In this context , it should be remembered 
that at other sites acetylcholine may also be derived from non- neuronal 
sources , for example , in gangl i a (Mcinstry , Koenig , Koelle and Koelle , 
1963) and in skeletal muscle (McIntyre , Downing , Bennett and Dunn 
1950; Straughan , 1960; Hayes and Riker , 1963 ; Mitchell and Silver , 
1 963) • 
Neurones in the cerebellum (Crawford , Curtis , Voorhoeve and 
Wilson , 1963b; Crawford and Curtis , 1964; Mccance and Phillis , 1964) 9 
are also sensitive to aoetylcholine . Here again the receptors 
involved appear to be mainly muscarinic in type , and there is no evi-
dence that acetylcholine antagonists , such as dibydro Merythroidine 
or atropine , are able to block various synaptic inputs (Crawford and 
Curtis , 1964) . However, it is possible that the cholinergic pathway 
has not yet been locatedQ 
Cholinoceptive neurones have been located in the medulla 
(Salmoiraghi , and Steiner, 1963; Bradley , Dhawan and Wolstencroft , 1964) , 
inferior colliculus (Curtis and Koizumi , 1961) , reticular formation 
(Bradley and Wolstencroft , 1962) , thalamus (Curtis and Andersen , 1962; 
Andersen and Curtis , 1964a , b) , hypothalamus (Bloom 1 Oliver and 
Sa1moiraghi 1 1963) 1 lateral geniculate body (Curtis and Davis , 1963) 
olfactory bulb (Von Baumgarten et al., 1963) and caudate nucleus 
(Bloom , Costa , Oliver and Salmoiraghi 1 1964) . At some of these sites 
the receptors appear to be nicotinic , or a mixture of both nicotinic 
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and muscarinic receptors (see Andersen and Curtis, 1964b) and at 
others there is insufficient information on the type of receptor 
involved. At all these sites, in common with Betz cells in the cereb-
ral cortex, and Purkinje cells in the cerebellum, conclusive evidence 
of cholinergic transmission has yet to be produced. 
Thus, the Renshaw cell remains unique in being the only 
neurone known to possess both nicotinic and muscarinic receptors, and 
for which there is adequate evidence for cholinergic transmission. 
128. 
c) A hypothesis concerning muscarinic receptors 
In the preceding section it was suggested that the muscarinic 
receptors on Renshaw cells could be extra-synaptic. Although no 
conclusive evidence in support of this suggestion was obtained on 
Renshaw cells, the anomalous results obtained when atropine is tested 
on the effects of cholinergic nerve stimulation of a number of organs 
(see review by Ambache, 1956) could be explained in terms of the 
following hypothesis. The hypothesis states simply that muscarinic 
receptors are extra-synaptic. A corollary to this is that where there 
are subsynaptic cholinoceptive receptors, these are nicotinic, but this 
does not imply that all nicotinic receptors are subsynaptio; it is 
well known that nicotinio receptors may be present in situations where 
there are no synapses, eog. on sensory nerve-terminals (see Grayt 1959), 
and on mammalian C-fibres (see Ritchie and Annett, 1963), although the 
receptors at these locations may have no physiologically significant 
functiono 
It is well known that atropine blocks the effects produced by 
stimulation of many parasympathetic nerves but that some effects are 
resistant (Dale and Gaddum, 1930; Ambache~ 1956)0 Dale and Gaddum 
(1930) speculated that the atropine-resitance was due to the liberation 
of acetylcholine in close proximity to receptors which were inaccessible 
to atropine, In contrast, when nerve stimulation was blocked by 
atropine, such intimacy was supposed not to existo It will be seen 
that the present hypothesis is compatible with this view, but it is 
taken one step further. The atropine~resistant effects are considered 
to be mediated by acetylcholine across synapses (in the sense that has 
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been defined by De Robertis, 1958, 1959, and Eccles, 1964; see page 19)
1 
where the subjunctional receptors are nicotinic. The atropine-sensitive 
effects are considered to be those which involve the interaction of 
acetylcholine with extra-junctional, muscarinic receptorso Thus, it 
is of interest to note that recent electron-microscopic studies of 
the innervation of smooth muscle (Richardson, 1958, 1962; MeITillees, 
Burnstock and Holman, 1963) and of cardiac muscle (Fawcett and Selbyf 
1958; Trautwein and Uchizono, 1963) have failed to demonstrate conclu~ 
sively the presence of synapses similar to those found on skeletal 
muscle, in ganglia and in the central nervous system; these investi-
gators occasionally found structures in which the nervous elements were 
separated frwn muscle fibres by a distance of only a few hundred 
Angstrom units, but there was no differentiation of either structure 
similar to that found in synapses elsewhereo Thus 9 it is highly 
probable that the typical muscarinic receptors on smooth muscle and on 
cardiac muscle are extra-synaptic. Jfu.rther studies are required to 
show whether there is any correlation between atropine-resistant choli" 
nergic nerve stimulation and the occurrence of synapses in smooth 
muscles. 
If the hypothesis is valid, then it is necessary to show that 
at those sites at which atropine-resitance is encountered there are 
nicotinic receptors on the smooth muscle fibres. Such a demonstration 
is hampered by the fact that the anatomical arrangement of smooth muscle 
is complex. and that ganglion cells, with associated nicotinic receptors, 
may be in close proximity to the smooth muscle fibres4 However, 
there are a number of observations which are relevant. Gyermek (1961) 
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showed that the effects of muscarine and acetyl-P-methylcholine on the 
urinary bladder of the cat and dog were blocked by atropine but there 
was only a moderate reduction of the response to acetylcholine and no 
effect on the response to nicotine or nerve stimulation. Henderson 
and Roepke (1934, 1935) also carried out experiments on the urinary 
bladdero They found that the response to nerve stimulation was biphasic, 
consisting of a rapid contraction which was not naintained, followed 
by a slow maintained contraction. The slow responses were blocked by 
atropine and the rapid contractions were blocked by nicotine. Edge 
(1955) showed in the cat that, after the administration of atropine, 
both nerve stimulation and acetylcholine caused only rapid contractions 
of the bladder vnich were abolished by the administration of hexame-
thonium. Henderson and Roepke (1934, 1935) arrl Gyermek (1961) 
concluded that there were nicotinic receptors on the smooth muscle of 
the bladder. These results could all be easily explained if the 
rapid contractions were due to the interaction of released acetylcholine 
with subsynaptic nicotinic receptors on the smooth muscle, and the 
slow contraction was due to an interaction with extra-junctio1nl musca-
rinic receptors. It then becomes unnecessary to postulate that the 
postganglionic innervation of the bladder is non-cholinergic (Henderson 
and Roepke, 1934, 1935). 
Munroe (1953) showed tbat stimulation of the peri-arterial 
nerves produced a quick contraction of the intestine followed by a slow 
contraction, and tba t the quick response was more affected by ganglion-
blocking drugs tran was the slow contractione Nicotine produces a 
contraction of the cooled intestine, in which nerve cor.duction is 
-
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blocked (Ambache , 1946) . Thus , nicotine may have a direct action on 
intestinal muscle o In addition, Luco and Altamirano (1943) found that 
curare reduced the effects of stimulation of some postganglionic para-
sympathetic nerves , which again suggests that there may be some 
circumstances in which postganglionic neuro~effector transmission may 
involve the interaction of the released transmitter with nicotinio 
receptors o 
The results obtained with a number of tissues therefore 
suggest that cholinergi.c nerve stimulation may produce two effects , 
a rapid effect which is insensitive to atropine and a sl~N effect 
which is sensitive o In these respects there is a close similarity to 
the results obtained in sympathetic ganglia (Eccles and Libet , 1961; 
Takeshige , Pappano , Groat and Volle , 1963; Takeshige and Volle , 1963) 
and on Renshaw cells (section V B) o In accordance with the hypothesis , 
all fast responses may be considered to be the consequence of the 
interaction of released acetylcholine with subsynaptic nicotinic 
receptors and all slow responses may be due to an interaction with 
extra- synaptic musc~rinic receptors , after diffusion from the site of 
liberation. 
Skeletal muscle is unusual , in that the area of muscle fibre 
which is innervated is confined to a small region, the end- plate. 
The acetylcholine receptors seem to be predominently nicotinic but 
nevertheless , there is some evidence for the presence of muscarinic 
receptors . Raventos (1937) and Brovm (1937) found tbat a diphasic 
response of the frog gastrocnemius muscle followed stimulation of its 
motor nerve o The initial rapid response was differentially sensitive 
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to curare and the second slower response was differentially sensitive 
to atropine . Abdon (1940) and Tum- Suden (1958) have shown , in a 
variety of species, tbat atropine blocks the effects of artificially 
administered acetylcholine more readily than it blocks neuro-muscular 
transmission; the analogy with smooth muscle is obvious . 
If the muscarinic receptors are extra- synaptic , in accordance 
with the hypothesis, t~n experiments on skeletal muscle could provide 
direct evidence in support of the postulate . 
When acetylcholine is applied by micro- electrophoretic 
techniques to single innervated muscle fibres, a depolarization is 
recorded only when the micro- pipette is positioned close to the end-
plate region (see reviews by Thesleff , 1960 and Miledi , 1962). 
However , when the muscle is chronically denervated, acetylcholine 
sensitivity in::reases along the length of the fibre (Miledi , 1960a, b , 
1962; Axelsson and Thesleff , 1959; Thesleff , 1960) , although the end-
plate region probably remains the most sensitive (Miledi, 1962); this 
increase in sensitivity h:ts been attributed to the growth of extra-
junctional receptors (Miledi , 1960a, b , 1962; Axelsson arrl Thesleff, 
1959; Thesleff , 1960) . 
It is probable that many of these extra- junctional receptors 
are nicotinic since , in denervated muscle, the depolarization produced 
by the electrophoretic application of acetylcholine or of carbamyl-
choline , or i:he contractions produced by the diffuse application of 
acetylcholine are reduced by d- tubocurarine (Axelsson and Thesleff, 
1959; Elmquist and Thesleff, 1960) . However, these experiments do not 
show conclusively thl.t muscarinic receptors are absent from the extra-
junctione..l regions of denervated skeletal muscle fibres; the excitant 
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action of acetylcholine on Renshaw cells is abolished by dihydro-$-
erythroidine , but nevertheless muscarinic receptors are present 
(section V B) ., 
There is some suggestive evidence tra t the receptors at the 
end- plate reg~on differ from those which appear in denervated muscle . 
Although denervated muscle is slightly more sensitive than normal 
muscle to d- tubocurarine , the increa se in sensitivity to acetylcholine 
and carbamylcholine is far greater (Jenkins , 1960)0 This is not the 
result to be expected if the additional receptors were all identical 
to those present in normal muscle since it implies tr.at at least some 
of the new receptors are relatively resistant to d- tubocurarine . 
Another result which is difficult to explain if all the receptors on 
denervated muscle fibres are identical is that , in mammalian muscles , 
receptor desensitization occurs more slowly tban it does in innervated 
muscle (Axelsson am Thesleff , 1959; Thesleff , 1960); different 
results were obtained in frog muscle by l~liledi (1960a) , but this may 
r epresent a species difference since the time oou.rse and extent of 
denervation- supersensitivi-cy differs in frogs and maIDIIB ls . 
In experiments on denervated rat diaphragms (Ryall , unpublished 
experiments) , it was found that acetylcholine produced a contracture 
which faded rapidly.i, despite the constant presence of tlE substance in 
the muscle bath , whereas acetyl- p- metbylcholine caused tba muscle to 
contract and the contraction was well maintained for long periods of 
time . It is therefore possible that the acetylcholine reacted with 
r eceptors which were rapidly desensitized, whereas acetyl- S ethylcholine 
reacted with receptors which were desensitized less readilye The 
--
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effect of acetyl- ~- methylcholine was reduced by atropine in concentra-
tions of about 20 µg/ml and was also partially reduced by d-tubocura-
rine. In addition, Dale am Gaddum (1930) showed tl:a t the contractur e 
of the denerva ted diaphragm of kittens to acetylcholine was red.uc ed 
by atropineo 
While the data are by no means conclusive, t~y do irrlicate 
tl::at muscarinic receptors rray be present on denervated skeletal muscle 
and that these receptors my be located away from the end-plate region 
of the fibres. Experiments in which acetyl-f3-methylcholine or musca-
rine are administered to localized regions of the membrane , in conjunc-
tion with studies on the effects of atropine and d-tubocurarine, 
should yield more conclusive data. 
There appears to be a great deal of largely circumstantial evi-
dence to support the hypothesis that muscarinic receptors are extra-sy-
naptic an:i that subsynaptio cholinocepti ve receptors are nicotinic o 
Furthermore, all known nicotinic effects seem to be concerned ith rapid 
responses, whereas ""luscarinic acticns produce relatively prolonged 
effects. In the nervous system, the prolonged muscar.i.nic effects 
which are produced by the STJncr...ronous synaptic bombardrneLt of sympa-
theti c ganglion cells or of Rensba.w cells may be functicn:illy insigni~ 
ficant hen the neurones are subjected to asynchronous boc.bardrcent 
under normal phJsiological conditions. F ~therr:ore, it is difficult 
to exclude the possibility tm t tne uscarinic receptors are normally 
involved, not only in t e 3:rna:ptic trans_itter e:fects, but also in 
the w.ediation o: local honnona.1 actions cf a.ce~~1c:tol.;ZE, W'hict. couid 
·oe den ved fro extra-neu:ror:al sources; s 1.J.cb. local hormor1e.l ef:ects 
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may also occur in other tissues e.g. in the intestine (Feldberg and 
Lin, 1950) or in tracheal muscle (Carlyle, 1964) arrl may set tbe 
level of background activity~ 
Although the hypothesis may explain various anomalous 
results, such as the failure of atropine to block the effects of 
parasympathetic nerve stimulation or the inabili"bJ to locate the 
cholinergic pathways onto centxal neurones which have musca:cinic 
receptors, final proof of the postulate awaits conclusive experi-
ment al da tao 
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Desensitization phenomena and the limitation of s311aptio 
excitation of Renshaw cells 
i) Results 
a) Desensitization produced by cholinomimetic substances 
Curtis and Eccles (1958a) showed thati when acetylcholine 
was administered electrophoretically to Renshaw cells , the firing 
rate increased rapidly to a maximum and , in some cells , despite the 
maintenance of a constant ejecting current , it decreased . Further 
experience has shown tlat this decline in the frequency of firing is 
regularly observed with acetylcholine and other cholinomimetics ~ 
provided that the ejection is continued for a sufficiently long periodo 
In some instances , this decline in the response appeared to be asso-
ciated with specific desensitization and in others the desensitiza-
tion appeared to be predominently non- specific in nature . 
Paton ' s theory (Paton , 1961) predicts that all excitants 
should show some degree of specific desensitization (see Introduction) o 
Spec ific desensitization of Renshaw cells to test doses of acetylcho-
line could be demonstr ated when the frequency of firing produced by 
the prolonged administration of acetylcholine remained comparatively 
lowo Results from one such experiment are shown in Figo 42; two 
barrels (1 and 2) of the five barrelled pipette contained Oo5 M 
acetylcholine bromide and a third barrel contained 0. 2 M DL-homocysteic 
acid (sodium salt ; pH 8) 0 It was thus possible to test the acetyl-
choline sensitivity of this cell without the complications which might 
have arisen if both the test and the conditioning doses of ACh had been 
137 0 
ejected from the one micro- pipette o Throughout this series , the 
Renshaw cell was firing spontaneousl y at a rate of 15- 20 spikes per 
second and readily responded to DL-homocysteic acid (b , f , h , j , 1 , 
n , p) . Barrel 1 was used for brief test ejections of acetylcholine 
(a , d , g , i , k , m arrl o) and barrel 2 , initially used for the same 
purpose (c , d , e) , was subsequently used t administer a cetylchol ine 
for 170 seconds o With t he currents which were used i ace~Jlchol ine 
was approximately equally effective when passed out of these two 
different barrels 1 (compare a ar..d c)o Furthermore , simultaneous 
ejecti on from the two pipettes (d) produced a higher firing frequency 
tl:nn did ejection from either barrel alone (a and c) 1 aDd , in 
addition, summati on was also observed with acetylchol ine and DLH 
(compaxe e with c and f) Q 
During the prolonged administration of acetylcholine , the 
initial firing fre~uency was not maintained and the res2onse gradually 
faded o In contrast with tre practi cally 1.1naltered effectiveness of 
DLH (coru:;;are e wi tb h, j , 1) , the exci tant action of test doses of 
acetylcholine was reduced (co~pare d, g i i and k) . Furthermore , 
during the recovery phase , tr.e amino ~cid responses (n ar.rl p) were 
unaffected but the first test with acetylcholine (m) s .owed that 
the sensitivity of the cell was still diminished .i Tb.is Renshaw cell 
was thus s_peci~ically desensitized to acetylcholine and the results 
indicate tbat the fade of resronse during the prolonged administra-
t i on of the excitant was also a specific process . 
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In some experiments , particularly when the rate of firing 
u. 
produced by the a::,ntirfous administration of acetylcholine was high a 
the desensitization appeared to be non-specific o This non- specific 
effect presumably rrasked a:ny SJ;Bcific desensitization which my have 
been present o Fig. 43 A shows a typical response to an administra-
tion of acetylcholine o During the control period , when acetylcholine 
was administered by brief current pulses (about 8 sec) at intervals 
of abcut 8 sec , t he responses remained at a constant level~ Thus a 
it was possible to employ brief ejections to follow the recovery 
after a prolori.ged administration. The initial high rate of firing 
was not IJE.intained during a prolonged application of acetylcholine 
(Figo 43 A) , and the frequency declined over a period of about 1 min 
to reach a plateauo Subsequent testing showed tba t recovery from the 
desensitization took about 1 mino During prolonged applications , the 
rate of decline from the initial rate of firing was greater with 
high than with low concentrations of acetylcholine o The final plateau 
attained during the ejection increased with the amount of acetyl-
choli!le ejected , al though the increase was not as large as it was 
for tre initial frequency (Figo 44) . The prolonged application of 
acetylcholine also depressed the response to test doses of DL-homo ... 
cysteic acid (Fig o 43 c) and the recovery followed a tiJ'le-course 
similar to that of the recovery of acetylcholine (Figo 43 A) o The 
non- specific nature of this depression is also shown in Figo 43 Band 
D, in which prolonged ad.ministration of the amino acid reduced the 
effect of subsequent brief ejections of tr~ amino acid (B) or of 
acetylcholine (D) 
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Carbamylcholine and nicotine were more potent exci tants of 
Renshaw cells tban was acetylcholine (see section V B)o Both 
substances produced non- specific desensitization but , when the rate 
of firing remained low, a specific depression of tr.e response to 
acetylcholine was sometimes observed . The prolonged specific desen-
sitization to acetylcholine after a prolonged electrophoretic ejection 
of carbamylcholine is shown in Figo 45 ~ In this experiment, control 
responses to acetylcholine (8 nA) and DLH (20 nA) are shown in Fig. 
45 A. Record B was obtained 1 min after carbamylcholine bega,n to 
diffuse from the micro- pipette ; the firing rate increased from zero 
to about 30/sec and the response to a brief test dose of aoe°bJlcholine 
was mow smaller than the response to DLH, even though the responses 
were simil ar during the control period (Fig. 45 A) 9 When the ejection 
was t erminated at the end of record B, the effect of acetylcholine 
partially recovered over a period of about 4 min . 
The action of carbamylcholine in another experiment is illus-
trated in Fig. 46 . In this experiment , diffusion of carbamylcholine 
from the electrode was prevented by a retaining current (- 8 nA) . 
When the retaining current was removed (Fig . 46 A) , allowing the 
carbamylcholine to diffuse from the micro- pipette , the rate of firing 
rose to a maximum and then declined slightly to a plateau Q Subsequent 
applications of acetylcholine (17 nA) produced smaller responses 
than those in the initial control period& This depression was far 
more marked and prolonged when carbamylcholine was actively ejected 
with a current of 5 nA (Figo 46 B) ~ Such a prolo~ed depression was 
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never observed wben acetylcholine was administered for even longer 
periods . 
Depression of the response to acetylcholine was observed 
with other cholinomimetics even in the absence of excitation and , 
with such compounds , the desensitization was presumably specific Q The 
depressant effect of dl- muscarine on the responses to simultaneously 
administered acetylcholine is shown in Fig. 47 A~ In contrast , the 
closely related compound, D(- ) muscarone , excited the cell and 
depressed the subsequent responses to acetylcholine (Fig o 47 B) o 
Unfortunately , the action of D(- ) muscarone on amino- acid firing has 
not been tested and it is not possible to say whether the illustrated 
depressant effect was specific o 
Long chain choline esters , such as laurylcholine and palmityl-
choline, did not excite Rensmw neurones , but nevertheless reduced 
the effectiveness of acetylcholine , presumably by a specific mechanismo 
In low oonc entra tio ns a compound of intermediate era in length , 
caproylcholine , decreased the sensitivity of Rensl-aw neurones to the 
action of acetylcholine but not to that of an amino acid (Fig. 48); 
. in higher concentrations caproylcholine excited Renshaw cells. 
The effects of acetyl-~- methylcholine on Renshaw cells were 
quite variable and complex . In most experiments , dllt'ing tra adminis-
tration of acetyl - methylcholine , the cell either did not fire 
(Figo 49) or it fired at a low frequency compared with the frequency 
wldch was attained soon after the ejection ceased (Figo 30 , 33) o In 
the former experiments , the responses produced by acetylcholine , 
141. 
ejected during the application of acetyl -methylcholine, were depressed 
(Fig. 49) but the effect of DL-homocysteic acid was enhancedo 
The experiments showed tra.t the effects of cholinomimetics on 
Renshaw cells were complex , consisting of excitation, specific 
desensitization and non- specific desensitization. It was therefore 
of interest to determine whether they also bad depressant actions on 
spinal interneurones which are not excited by cholinomimetic substances 
(Curtis et al o, 1961) . 
b) Depressant effects of cholinomimetics on spinal interneurones 
Acetylcholine , carbamylcholine , nicotine , caproylcholine and 
Y- propiobetaine methyl ester depressed the amino acid-induced firing 
of spinal interneurones . However , the magnitude and duration of 
the effects on different cells were variable • and rarely as prolo~ed 
as those produced by carbamylcholine in the experiment illustrated 
in Fig. 50. In this experiment , the interneurone was fired by 
repeated ejections of Dir.homocysteic acido During the administration 
of acetylcholine · (Fig. 50 A) , with an ejecting current of 28 nA J 
the effect of the amino acid was at first reduced , and then despite 
·a maintained ejection of acetylcholine , the firing frequency began 
to return to the control levelo. The action of carbamylcholine was 
more marked and prolonged , even when this substance was allowed to 
diffuse passively from the electrode by removing the retaining 
voltage (CAP.BO nA in Figo 50 B) . The difference in the time course 
of th:l onset of these effects may be due , in part , to different 
rates of administration , since ACh was actively ejected and carba-
mylchol ine merely diffused from the micro- pipette. When carbamylcho-
............... 
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line was ejected near the same cell with .a current of 20 nA (Fig. 51) . 
the spike potentials , superimposed on the focal synaptic potentials 
produced by stimulation of the sural nerve , were suppressed (Fig. 51 B) . 
After the ejection was terminated , spike potentials reappeared 
(Fig. 51 C) . 
Triethylamine (see section "IV" D) and pyridine also depressed 
the excitant effects of amino acids on spinal interneurones, on 
cells in the cerebral cortex and on Renshaw cells. It is therefore 
possible that the mode of action of these substances was similar to 
that of acetylcholine , carbamylcholine and nicotine on spinal 
interneuro ne s . 
These experiments on interneurones demonstrate that cholino~ 
mimetic substances may depress the excitant action of amino acids 1 
even though the cholinomimetics do not themselves produce excitation. 
The mechanism by which this depression is produced is unknowno 
However , it could be similar to the non- specific desensitization 
observed on Renshaw cells , or alternatively , the depression of amino 
acid induced excitation may be produced by a different mechanism , 
for example , a mechanism of action similar to tbat of inhibitory 
transmitter s cannot be excluded . 
Since acetylcholine produced both a specific ani a non-specific 
desensitization of Renshaw cells, it was of interest to determine 
whether desensitization phenomena also occurred when the excitatory 
transmitter was released upon these cells by synaptic activationa 
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Desensitization produced by syna;etic action 
When a test volley in the ventral root was preceded at 
various intervals by a conditioning volley, the number of spikes in 
the initial response to the test volley was progressively reduced 
as the interval between volleys was increased from 12 to 30 mseco 
Fig . 52 B,D) . A maximum reduction occurred when tbe interval between 
volleys was between 30 and 60 msec o As the interval was lengthened 
further 1 the number of spikes slowly increased and returned to the 
control value wben the volley interval was about lseco The volley-
interval for which there was a maximum depression of the initial 
response to the test volley (Figo 52 D) corresponded to the time at 
which the initial response to a single stimulus had decreased to 
zero and was succeeded by the pause (Fig~ 52 C) o Throughout the 
whole range of intervals shown in Figo 52 ] there was no change in 
the late response which followed the test volleyo 
This coincidence of the time at which the initial response 
to a single stimulus had decreased to zero (Fig. 52 c) and the time 
interval for which the depression of the test res ponse was nnximal 
(Figo 52 D), suggests that the decline in firing frequency during 
the initial response and the subsequent pause are inter-related and 
caused by the same phenomenon , namely desensitization; the reduction 
in the response to a test volley after a conditioning volley in the 
ventral root rra.y also be partly due to transmitter depletione 
Desensitization following a ventral root volley was also more 
directly demonstrated in three ways. Firstly , when brief pulses 
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(about 50 msec duration) of acetylcholine were ejected from the micro-
pipette after a single orthodromic (ventral root) stimulus , the 
response to acetylcholine was reduced . Secondly , when a single 
stimulus was applied to the ventral root during the continuous admini-
str ation of a cetylcholine , which raised the background firing 
frequency to about 50/sec , the pause was still apparent . Under these 
conditions the number of spikes in the initial response was reduced , 
presumably because the administered acetylcholine decreased the 
effect of the transmitter released by nervous stimulation. Thirdly, 
the effect of a pulse of acetylcholine (duration, about 5 sec) was 
decreased following tetanic stimulation (100/sec for 3 sec) of the 
ventral root; following tetanic stimulation , the pause is prolonged 
(see Fig. 41) o Similar experiments with DL-homocysteic acid showed 
that the desensitization following ventral root stimulation was not 
specific for acetylcholine . 
This non- specific desensitization does not appear to be the 
consequence of the high frequency spike discharge since the electro,... 
phoreti c application of dihydro- '3- erytbroidine reduced the number 
of spikes in the initial response to a si:r.gle ventral root stimulus 
from about 35 to 2 spikes , but it did not affect the duration of the 
pause. 
Thus , after a stimulus to the ventral root there follows a 
non- specific desensitization to acetylcholine, which is not the 
result of the initial high frequency discharge . This desensitization 
would , in part , explain the decline in firing frequency during the 
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initial response . This decline is presumably also partly due to 
diffusion of transmitter away from the receptor sites (Eccles and 
Jaeger , 19ffi) , and to inactivation of acetylcholine by acetylcholine-
sterase . 
d) The actions of anticholinesterase agents 
Anticholinesterases, under certain conditions, prolong the 
duration of the initial response (Eccles et al., 1954 , 1956; Curtis 
and Eccles , 1958b ; Curtis et al . , 1961) . However , it is not certain 
that this prolongation is entirely r elated to inactivation of choli-
nesterase , since most anticholinesterase agents also had excitant 
effects on Rensra cells o Fig. 53 demonstrates the effect obtained 
ith neostigmine in one experiment . In this experiment , the 
neostigmine int~ micro- pipette was dissolved in 165 mM NaCl solu-
tion to give a final concentration of 10 mM. Thus , only a relatively 
small amount of neostigmine would actually have been passed out of 
the electrode . Typically , the excitant action of neostigmine was 
prolonged , as in Fig. 53 . A similar , prolonged effect as also 
obtained after the electro phoretic ejection of physostignine, but 
ed.rophonium had only a brief action. The exeitant effect of neosti 
mine was partially depressed by tlE ejection of dihyd.ro B- erythroidin.e 
in amounts aifficien t to abolish completely the response to acetyl-
choline. Thus , the excitation may be the consequence of inactiva-
tion of cholinesterase which could cause spontaneously released 
acetylcholine to be more effective . This interpretation explains 
why the effect of anticholinesterase agents was partially blocken by 
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dihydro-'3-erythroidine. However, it is possible trat the anticholi• 
nesterase agents react directly with acetylcholine receptors, which 
would also explain the partial depression of their excitant actions 
by dihydro-'3-erytbroidine. This postulated direct excitant effect 
of anticholinesterase agents is in accordance with the interpre-
tation of their effects at other sites (see review by Werner and 
Kupenna.n, 1963) 0 
ii) Discussion 
These experiments bave demonstrated tha. t a number of choline-
mimetics, when administered electrophoretically to Renshaw cells in 
the spinal cord of the cat, desensitize these cells to subsequent 
doses of excitants, a phenomenon described in theoretical terms by 
Paton (1961)0 
As a consequence of this theory, the following events may 
be predicted when cholinomimetic substances react with suitable 
receptors. At the instant when a molecule of drug reacts Yd th a 
receptor, the process leading to excitation of the cell i s initiated. 
When sufficient numbers of receptors are occupied simultaneously, 
the neurone may fire (i.e. the rate of combination wiih receptors has 
reached a certain critical value)o As the number of receptors occupied 
at a particular instant increases, so the rate of combination will 
fall, since fewer receptors are available for occupationo Therefore, 
the degree of excitation will diminish. If the rate of dissociation 
is much slower than the rate of association, the critical rate of 
combi:na tion may not be reached, and the drug will tend t:, block the 
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interaction between the receptor and another cholinomimetic agent 
which has rate constants suitable for causing marked excitationo 
The effect of excitant substances (such as amino acids) , reacting 
with a different receptor , will be unaffected. This type of action 
is exerted on the Renshaw cell by specific blocking agents such as 
dihydro-f3- erythroidine (see section VB) . It also occurred with long 
chain choline esters (lauryl choli ne and palmitylcholine) , which did 
not produce excitation , and a similar , specific desensitization was 
demonstrated with caproylcholine , but this compound also had weak 
excitant effects o 
Potent excitants , such as acetylcholine , carbamylcholine and 
nicotine , showed a decrease in the response with continued exposure 
to the excitant , which is predicted from Paton's theoryo In part , 
this desensitization was specific and this could be demonstrated 
with low concentrations of the excitants . With higher concentrations , 
and higher rates of firing , the desensitization appeared to be non-
specific , since the effectiveness of DL- homoC'Jsteic acid was also 
reduced . 
In many respects , the desensitization produced by acetylcho-
line on Renshaw cells is similar to that found at the motor end-pl a te 
on skeletal muscle (Thesleff , 1955a , b; 1956, 1959; Thesleff and 
Katz , 1957; Axelsson and Thesleff , 1958) . These investigators were 
able to follow the process of desensitization by an intracellular 
recordi~ technique , which was not feasible in experiments on Renshaw 
cells . Thesleff (1956) concluded that the desensitization at the 
end- plate was not due to depolarization or to a change in manbrane 
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conductance, but was due to receptor-desensitization, similar to 
that produced by d-tubocurarine. 
Unfortunately, there was no excitant other than acetylcholine 
which could be used at the end-plate to check the receptor specifi-
city of the desensitization. In this respect, the experiments on 
Renshaw cells have yielded additional informationo Here it was 
shown that specific desensitization could be produced by acetylcholine 
and other chollnomimetics. In addition, non-specific desensitization 
occurred with large concentmtions of potent excitants a:rrl was 
also seen after sym.ptic activation. 
Non-specific desensitization could arise in a number of ways o 
For example, it could be due to the depletion of some intra-cellular 
component that is essential for the maintained activity of the neurone. 
If this were so, then the desensitization should be related to the 
magnitude of the preceding spike dischargeo However , dihydro-;i-
e:rythroid.ine greatly reduced the number of spikes in the initial 
response to a ventral root volley but the period of desensitization 
(ioeo the pause) which followed it was unaffected. This observation 
also makes it unlikely that the desensitization was due to a after-
hyperpolarization of the cell membrane. 
There was no change in the size or shape of the spikes during 
the period of desensitization produced by the electrophoretic admini-
stration of excitant cholinomimetic substances and the terminal 
spikes in the initial response were quite normal. Furthermore, the 
desensitization caused by a single ventral root volley was maximal 
'I 
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30-60 msec after iihe stimulus and at this time the membrane potential 
has returned to the resti.:t¥?; state (Ficcles et al ., 1961) . Therefore , 
excessive depolarization or a disturbanJe of the spike generating 
mechanism is unlikely to be the cause of the non- specific desensi ti-
zation, although they may be contributory factors during the first few 
msec of the ventral root discharge when irregulari. ties in spike 
size , sba.pe and frequency were observed (see also, Eccles et al., 1961) . 
A purely speculative explanation of the possible mechanisms 
by which the various types of desensitization could be produced is 
illustrated in Fig. 54 . This explanation assumes that there may be 
' intermediate' stages somewhere along the hypothetical pathway 
linking receptor occupation with the final excitatory pathway: this 
concept of 'intermediate ' stages is not new (see Thesleff and Katz , 
1957) 0 The figure is not intended to depict any spatial relationships 
between receptors , but merely shows tmt intermediate :MN or S-receptors 
may be common to more than one pathway. There is really no conclusive 
evidence for the presence of an 'intermediate' receptor , unless it 
is similar to the receptor protein, isolated from electric tissue 
by Ehrenpreis (1960 , 1962a ,b , 1963a , b , 1964) , which is probably 
not identical with the 'physiological acetylcholine receptor• 
(Ehrenpreis, 1962a , b , 1963b) . 
Specific desensitization , involving only tm M, N o:r 
A- receptors, could occur by occupation (with ap1ropria te kine tic 
constants) of the receptors. This is the postulated mode of action 
of atropine , dihydro- ~- erythroidine and long chain choline esters 
and of exci tant cholinomimetics in low concentrations . It is perhaps 
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relevant to note that no specific antagonist for amino acid excita-
tion has yet been discovered. Thus Path Z is probably unnecessary 
at present, since there is no evidence to show that the amino acid 
receptor is not common to a number, if not all, excitatory processes 
controlled by chemical transmitter substa:ncesg and the intermediate 
receptor S nay therefore be identical with the amino acid A-receptoro 
Non-specific desensitization tot~ actions of acetylcholine 
and of an amino acid could be produced in different ways. Firstly, 
it could be the consequence of excessive excitation; this :ra.s already 
been discussed, and an attempt was made to exclude the possibilityo 
Secondly, occupation with appropriate kinetic constants, and therefore 
desensitization of an S-receptor by high concentrations of cholino-
mimetics, could lead to a reduction in tbe effectiveness of both 
acetylcholine and an amino acid, and is preceded by excitation due 
to interaction with the N- receptor. This idea incorporates the not 
unreasonable assumption tm. t the occupa. tion of S-.receptor s by cholino-
mimeti cs leads mainly to desensitization due to the different kinetics 
of the reaction, whereas interaction with N-receptors leads mainly to 
excitation. This type of action could explain the non-specific 
desensitization produced by acetylcholine and synaptic activation 
without the need to postulate that desensitization is the direct 
consequence of the excitation process. This mechanism could also 
explain the ability of cholinomimetic agents to depress t~ amino 
acid induced firing of interneurones, which are not excited by cholino-
mimetics and the spontaneous firing of many neurones in the cerrtral 
' 
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nervous system (Bradley and Wolstencroft, 1962; Von Baumgarten, 
Bloom, Oliver arrl Salmoiraghi, 1963; Salmoiraghi and Steiner, 1963; 
Spehlmann, 1963; Bradley, Dhawan and Wolstencroft, 1964; Krnjevic, 
Randie and Straughan, 1964)0 
Acetyl~-methylcholine excited Rensl:aw neurones minly by an 
interaction with muscarinic receptors (section VB). However, the 
rate of firing often did not increase greatly during the application~ 
but increased when the ejection was tenninated. During the appli-
cation, the excitant effect of acetylcholine, which mainly reacts 
with nicotinic receptors (section VB), was reduced and the excitant 
effect of an amino acid, which interacts with other receptors, was 
enhanced. One explanation of the selective depression of the response 
to acetylcholine is that, besides activating muscarinic receptors, 
acetyl-B-methylcholine also reacted with and desensitized nicotinic 
receptorso There was some evidence for an interaction with nicotinic 
receptors but this interpretation does not explain why the firing 
induced by acetyl . -methylcholine did not increase markedly until the 
ejection was tenninated. Since the effect of the amino acid was 
enhanced during the application of acetyl-~-methylcholine, the 
depression of firing was not due to a non-specific depression of 
all excitatory processeso 
The hypothesis illustrated in Fig. 54 also offers an explana-
tion of this complex action of acetyl-P-methylcholine 9 Interaction 
with M-receptors or N-receptors leads to excitation which may be 
antagonized by atropine or dihydro-f,-erythroidine (section VB). 
However, if the substance were also to interact with the intermediate 
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MN-receptor in such a way that occupation resulted in blockade, 
then excitation due to occupation of Mor N-receptors would be 
depressed but the effect of an amino acid would not be reduced. If 
blockade of the MN-receptors were to decrease at a faster rate than 
activation of the Tu~receptors when the ejection is tenninated, then 
excitation would supervene, as in the experiments with acetyl~-
methylcholine. 
Axelsson arrl Thesleff (1958) and Thesleff (1959) suggested 
that desensitization may be an important factor in repetitive stimu-
lation of motor nerves to muscles. The experiments on Renshaw cells 
have shown that desensitization may also be important in determining 
the rate at which tm frequency of firing decays after a single stimu-
lus applied to the ventral root. The phenomenon may also partly 
explain t:re typical time course of the excitatory postsynaptic 
potentials (Eccles et al., 1961). Presumably, inactivation of 
acetylcholine by acetylcholinesterase is also important but it is 
difficult to assess its significance because the interpretation of 
the actions of anticholinesterase agents is complicated by their 
direct exci tant effects. 
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VI) CONCLUTilliG REMARKS 
The subject matter of this thesis bas ranged over a number 
of topics but a central theme concerned the role of ace~Jlcholine 
in synaptic transmission in the central nervous system. It was 
shown that the major cholinomimetic substance present in nerve-
terminals was acetylcholine and that , in contrast with a number of 
other substames , wi fu the possible exception of substance P, 
acetylcholine was the only substance which was specifically located 
in nerve- termins.ls . The methods currently employed for studying the 
subcellular distribution of substances which may have transmitter 
functions are relatively gross . Further advances in th3 elucidation 
of cholinergic mechanisms at particular sites llRY come from histo-
chemical studies in conjunction with studies employing electron-
microscopic techniqueso 
Pharmacological studies on central neurones have shown that 
many neurones in the nervous system react to acetylcholine but 
conclusive evidence that it is a tra11Smitter is lacking , except at 
the synapses formed by the terminals of motor-axon collaterals on 
Rens baw cells o It is possible tha. t acetylcholine may not only act 
as a syrapti c transmitter which effects the rapid transfer of nervous 
information across synapses o It nBy also have a local honnonal 
action which controls the overall activity of a particular group 
of neurones o 
:Both muscarinic and nicotinic receptors were frund to be 
present on Renshaw neurones . It was suggested that the nicotinic 
receptors were associated with the short term effects of synaptic 
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transmission , whereas the muscarinic receptors were concerned with 
more prolonged effects . A speculative hypothesis was proposed that , 
at all sites at which cholinergic transmission occurred in vertebrates, 
the subsynaptic cholinocepti ve receptors were nicotinic in type and 
that muscarinic receptors were extra- synaptic . Thus , it is possible 
that the muscarini~ receptors are those involved in the long term , 
local hormonal effects of acetylcholine o 
In s ection (VD) another aspect of the phannacological 
effects of acetylcholine on central cholinoceptive neurones was 
considered . It was shown that desensitization may be an important 
additional pbysio logical mechanism by which the duration of transmit-
ter-action is controlled . Until other transmitters bave been identi-
fied , it is not yet possible to say whether this action h:is universal 
applicability to all types of synaptic transmission. However , 
receptor desensitization may now be added to the list of processes 
by which the action of a transmitter may be limited in time. 
A subsidiary development in this thesis included attempts 
to identify the transmitter which depolarizes prcsynaptic terminals 
and causes 'pres:ynaptic inhibition': these experiments eliminated 
some of the possibilities but gave no indication of the nature of 
the subst ances which cause presynaptic inhibi tiono 
Another avenue which has been explored was the possibility 
of applying purified brain extracts electrophoretically to si:r:gle 
neurones . These experiments showed that the method was technically 
feasible , but they yielded no new inforrration concerning the nature 
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of central synaptic transmitters. Further refinements in the 
technique may prove to be fruitful in shedding new light on the 
substances which effect synaptic transmission in the central nervous 
systet1. 
Drugs used 
Acetylcholine bromide 
Acetyl-DL-carnitine 
Acetylhomocholine chloride 
Acetyl - methylcholine chloride 
Acetylthiocholine iodide 
nor-Adrenaline bitartrate hydrate 
Y- Aminobutyrylcholine chloride 
Y~ino-n-butyrio acid 
Arecoline hydrobromide 
Atropine sulphate 
B:romolysergic acid diethylamide 
Y-Butyrobetaine methyl ester bromide 
11-Butyrylcholine iodide 
Ca:rbamylcholine chloride 
Caproylcholine bromide 
Cetyltrimethylammonium bromide 
(Cetavlon) 
a - Chymotrypsin (Sigma) 
Dihydro- ~- erythroidine hydrobromide 
Edrophonium chloride 
Glutamic acid , sodium salt 
DL-Homocysteic acid, sodium salt 
5- Hydroxytryptamine creatinine 
sulphate 
Hyoscine hydrobromide 
Hexamethonium bromide 
Iproniazid (1-isonicotinoyl~2-
isopropylhyd.razine phosphate) 
Laurylcholine bromide 
Mepyramine maleate 
dl-Musca.Iine chloride 
D(-) TuTuscarone chloride 
Neostigmine bromide 
Nicotine hydrochlon.de 
Palmi tylcholine bromide 
Pentobarbitone sodium 
Picrotoxin 
Physostigmine (eserine) salicy-
late 
Pilocarpine hydrochloride 
Procaine hydrochloride 
Propionylcholine bromide 
Y-Propiobetaine methyl ester 
chloride 
Strychnine hydrochloride 
Substance P 
Succinylcholine bromide 
Tetraethylammonium. bromide 
Tetramethylammonium bromide 
Tryptamine hydrochloride 
d-Tubocurarine chloride 
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TABLE lo Fractionation of b rain homogenates: Method (a) 
Fraction Pl was separated in an MSE refrigerated centrifuge 
(Major). Subsequent fractionations were carried out in the 
No. JO, 40, or SW 39 rotor of the Spinco Model L ultra-
centrifuge . 
Homoge n a te 
__ ,.,. 
j --.. 
~ 900 g for l O~min 
Se~iment 
Re suspend in 
sucrose 900 g 
Sediment 
Re suspend in 
sucrose 900 g 
'1 
Nuclear fraction 
(Pl) 
·, 
0.32 M 
for 10 
0.32 ·M 
for 10 
-
min 
-
min 
-
.,, 
Supernatant 
·11,500 g for 20 
min 
Sediment 
! Resuspend in 0.32 M 
--------'"-------Supernatant 
f 
100,000 g 
for JO min 
f 
Cytoplasmic Microsomal fraction 
fraction ( s) ( PJ) 
I I I 
A B C 
Myelin Hetero- Nerve 
geneous ending's 
, 
- sucrose 11,500 g 
for 20 min 
Crude mitochondrial 
fraction (P2) 
Density gradient 
OoJ2,0.8,l.O,lo2, 
1
1.4 M - sucrose 
_so,ooo g for 2 hr 
I I 
D E 
Nerve Mitochondri 
endings 
·-
I 
' I 
11 
L 
' 
'I 
I' 
11 
r, 
1'/ 
" 
I ' 
~ 
,i 
; ~ -- -----
TABLE 2. Fractionation of brain h omog enates: Method (b) 
Homogenate 
I 
f2 000 g for 5 min 
Sediment 
Resuspend in Oo32 M -
sucrose 2000 .g for 
5 min 
Nuclear fraction 
(Pl) 81,000 g for 10 min 
Supernatant Crud e mitochondrial 
fract ion (P2) 
i 
Cytoplasmic 
fraction (s) 
. 81,000 g 
for 65 min 
Densit y gradient, 0.32, 
0.8,1.~ M- sucrose 
100,000 g for 70 min 
I 
Mi crosomal fraction 
(PJ) 
Myelin fraction Nerve ending 
fraction 
Mitochondrial 
fraction 
C  
, , c . ~-
11  
T A B L E  J .  
R e l a t i v e  m o l a r  p o t e n c i e s  o f  c h o l i n o m i m e t i c  s u b s t a n c e s  
( A c e t y l c h o l i n e  =  1 0 0 )  
- - = - -
g u i n e a  p i g  
i l e u m  
a  
A c c t y l c h o l i n e  ·  I  1 0 0  -
P r o p i o n y l c h o l i n e  I  2 . 6  
n - B u t y r y l c h o l i n e  I  O o 2  
A c e t i l - ~ - m e t h y l c h o l i n e j  3 7  
Y - A m i n o b u t y r y l c h o l i n e  I  (  0 . 0 2 5  
Y - B u t y r o b e t a i n e  
m e t h y l  e s t e r  
A c e t y l - D L - c a r n i t i n e  
6 . o  
(  0 . 0 0 1  
' t o a d  r e c t u s  
n o  
p h y s o s t i g r n i n e  
b  
1 0 0  
2 8 0  
2 3 0  
1 . 0  
O a 5  
2 5  
0 . 0 2 5  
t o a d  
p h y s o s t i g m i n e  ! a t r i a  
(  2 .  5  x  1 0 - 5 M )  
C  
1 0 0  
. .  1 2 5  
6 6  
4  
O o l  
2  
0 . 0 0 2  
d  
1 0 0  
J  
O o J  
·  1 0 0  
< D . 0 5  
7  
0 . 1  
I  
I  
g u i n e a  
p i g  
a t r i a  
e  
1 0 0  
o . 6  
O o l  
2 5  
<  0 .  O J  
1 0  
0 - o O O J  
•  
I  
l  
I  
: : -. . . . . . .  - - - -
T A B L E  4 o  
I n d i c e s  o f  d i s c r i m i n a t i o n  o f  c h o l i n o m i m e t i c  s u b s t a n c e s  
( A c e t y l c h o l i n e  
1 )  
P r e p a r a t i o n s  
*  
P r o p i o n y l -
_ ! : : - B u t y r y l -
A c e t y l - ~ -
Y - A m i n o -
Y - B u t y r o b e -
A c e t y l -
c h o l i n e  
c h o l i n e  
m e t h y l -
b u t y r y l - ·  
t a i n e  
D L -
c h o l i n e  
c h o l i n e  
.  
m e t h y l  e s t e r  
c a r n i  t i n e  
b / a  
l 0 8  1 1 5 0  
3 7  
)  2 0  
4 o 3  
2 5  
c / a  
4 8  
3 3 0  9 o 3  
) 4  
3  
> 2  
d / a  
l o 2  
l o 5  2 o 7  
-
l o l  ) 1 0 0  
e / a  
4 . 3  
2  
l o 5  
-
l o 7  
.  / 3  
b / c  
2 . 2  
3 o 5  
4  
- s  
1 3  
1 2 o 5  
b / d  
9 3  
7 7 0  
1 0 0  
) 1 0  
3 . 7  
4-
- b / e  
4 7 0  
2 3 0 0  
2 5  
) 1 6  
2 . 6  
8 . 3  
c / d  
4 2  
2 2 0  
2 5  
> 2  
3 . 5  
s o  
c / e  
2 1 0  
6 6 0  
6  
) 3  
5  
l o 5  
d / e  
5  
3  
4 .  
-
l o 4  
3 3  
.  
H i g h e s t  i n d e x  
4 7 0 ( b / e )  2 J O O ( b / e )  
l O O ( b / d )  
> 2 0 ( b / a )  l J ( b / c )  
l O O ( d / a )  
*  
T h ~  l e t t e r s · r e f e r  t o  t h e  p r e p a r a t i o n s  i n  T a b l e  3  a n d  t h e  i n d i c e s  a r e  e x p r e s s e d  a s  f o r  
e x a m p l e ,  b / a  o r  . i t s  r e c i p r o c a l  a / b  s o  a s  t o  g i v e  v a l u e s  g r
0
e a t e r  t h a n  l o  
~ 
11  
. . .  
"  
T A B L E  5 .  R e l a t i v e  m o l a r  p o t e n c i e s  o f  c h o l i n o m i m e t i c  s u b s t a n c e s  
( A C h  =  1 0 0 )  
S a l t  
N i c o t i n e  
H C l  
A c e t y l t h i o c h o l i n e  I  
Y - P r o p i o b e t a i n e  
m e t h y l  e s t e r  
C a r b a m y l c h o l i n e  
T e t r a m e t h y l -
a m m o n i u m  
C l  
C l  
B r  
A c c t y l c h o l i n o  B r  
P r o p i o n y l c h o l i n e  B r  
n - B u t y r y l c h o l i n e  I  
- .  
C a p r o y l c h o l i n e  
B r  
A c e t y l h o m o c h o l i n e  C l  
S u c c i n y l c h o l i n e  B r  
A c e t y l - ~ - m e t h y l -
c h o l i n e  C l  
A r e c o l i n e  
H B r  
~ ·  
N i c o t i n i c  p o t e n c y  
1  
7 0 0  
5 0 0  
3 2 0  
2 0 0  
1 7 0  
1 0 0  
9 6  
7 3  
5 0  
1 2  
1 0  
<  2 0  
( 1 0  
2  
J 0 - 4 0 0  
5 0  
6 5 0  
1 2 0  
1 0  
1 0 0  
2 8 0  
2 3 0  
2 5 0  
2 0  
4 J r )  
1  
3  
7 0 Q  
8 0 0  
2 4 0 0  
J J O ·  
7 0  
1 0 0  
3 8 0  
2 7 0  
6 8 0  
1 0 4  
4  
M u s c a r i n i c  p o t e n c y  
4  
o . o 4  
O e 0 6  
J O  
2 7  
0 . , 0 8  
1 0 0  
2 , 6  
0 . 2  
O o 5  
2 . 2  
( 0 . 0 1  
5  
1 0 0  
o . 6  
0 . , 1  
3 7  2 5  
2 1  
6  
1 0 0  
3  
O . J  
1 0 0  
R e n s h a w  c e l l s  
7  
+ + + +  
+ ( + )  
+ + + +  
+ + + +  
+ + + +  
+ +  
+  
8  
) 1 0 0 0  
) J - - 1 0 0  
6 0 0 - J O O O  
+  
+ / b l o c k  
) 1 0 0 0  
1 0 0  
5 0  
J O  
+  
+  
+  
+  
6 0  
J - J O  
< (  2 0  
c o n t i n u e d  
· - - - - ,  
~-~ 
'  
. .  
-= ~ - ~ - - S i i : , , , i .  
T A B L E  5 o  
( c o n t i n u e d )  
S a l t  
I  
N i c o t i n i c  p o t e n c y  
M u s c a r i n i c  p o t e n c y  
R e n s h a w  c e l l s  
1  
2  
3  
4  
5  
6  
7  
8  
P i l o c a r p i n o  
H C l  
( 1 0  <  O .  O J  
I  
0 0 5 ·  
I  
+  
< l O  
D( - )  
M u s c a r o n e  
C l  
2 0 0 *  
I  
+  5 0  
d l - M u s c a r i n e  
C l  < 1 *  
2  5 0 - 1 . t . o o *  
< 1 o c f  I  
+  
2 0  
Y - B u t y r o b e t a i n e  
I  
m e t h y l  e s t e r  
B r  
2 5  
I  
6  
1 0  
7  
I  
+ + +  
2 0 0  
Y - A m i n o b u t y r y l -
c h o l i n e  
C l  
2 0  
0 . 5  
1 L ~  
<  0 .  0 2 5  
+ / b l o c k  
· L a u r y l c h o l i n e  
B r  
b l o c k  
P a J r n i t y l c h o l i n G  
B r  
b l o c k  
1 . )  B l o o d  p r e s s u r e  o f  a t r o p i n i z e d  c a t ;  2 )  t o a d  r e c t u s ;  3 )  c h i c k  s e m i s p i n a l i s  
c e r v i c i s ;  4 )  g u i n e a  p i g  i l e u m ;  
5 )  g u i n e a  p i g  a t r i a ;  
6 )  t o a d  a t r i a ;  
7 )  o r d e r  o f  
e x c i t a t o r y  a c t i v i t y  o n  R e n s h a , ' \ r  c e l l ~  ( A C h  =  + + ) ;  8 )  p o t e n c y  a s  a n  e x c i  t  a n t  o f  
R e n s h a w  c e l l s  r e l a t i v e  t o  A C h  ( =  ] J O ) ;  ( + / b l o c k )  s h o w s  t h a t  t h e  s u b s t a n c e  h a d  a  w e a k  
e x c i t a t o r y  e f f e c t  a n d  d e p r e s s e d  t h e  a c t i o n  o f  A C h  •  
' i  
'  
I  
- 1  
I  
TABLE 6. Electrophoretic mobil~ties at pH 4 and chroma-
tographic Rf values of known cholinomimetic substances 
I 
** Substance Electrophoretic Band Rf in ·buffe -
mobility* red solvent+ 
(cm from origin) 
Acetylcholine 5 B Oo51 
' Propionylcholine 5 B Oo65 
n - Butyrylcholine 5 B Oo72 
Y-Aminobutyryl-
choline 604 B 0.19 
Acetyl-~-methyl-
choline 5 2 B Oo65 
,' 
Y-Butyrobetaine 
m t 1 yl ester 4o7 B Oo59 
.A cetyl"='"DL-carni-
tine o4 .1:-... Oo56 
* Electrophor etic conditions identi cal with those used in the 
separati on of the extract . 
** Band is the electrophoretic fraction of the brain extract 
in which the various substances would be recovere if they 
were present . 
+Solvent, triethylamine/acetic acid/water/ -but anol 
(JJ:4:8:10 by vo l)o 
; 
I 
I · 
' 
I 
II 
I 
', 
I , 
'I 
l t 
* 
+ 
TABLE 7" Parallel assays on unpurified crude mitochon-· 
drial extracts 
Preparation 
Guinea pig ileum 
Rat blood nressure 
(neostigm~;e) 
Toad rectus ·( no physostigmine) 
Toad rectus (physostigmine 
2.5 X 10-5 M) 
Rabbit atria (physostigmine 
0.,25 x 10-5 M) 
Guinea pig atria (no 
physostig-: ine) 
Guinea p:i;g atria ( physosti -
mine 0.25 x 10-5 M) 
Toad atria (no physostigmine) 
Toad at~ia (physostigmine 
2.5 x 10-5 M) 
+.Cholinomimetic activity on 
guinea pig ileum (µg/g brain) 
Percentage of value 
obtained on the 
guinea pig ileum 
Extract 1. Extract 2. 
100 100 
107 
92 
-
·93 
-
76 
0.9 
120 ( 89*) 
100 
110 
77 
81 
1 .. 3 
In this assay allowance was made for sensitising substances 
present (Feldberg and Mann, 1945) . 
Expressed a µg of ACh bro~ide per g fresh brain weight. 
I _ A B L E  8 .  S u b c e l l u l a r  d i s t r i b u t i o n  o f  A C h  a n d  n i t r o g e n . .  ( S e e  T a b l e  9  f o r  e x p l a n a t i o n  
o f  s y m b o l s )  
4  
. . .  
6  
- -
C o l u m n  
l  
2  
3  
5  
S p e c i e s  
r a t  - x -
r a t  
r a t  
s h e e p ' · +  
g u i n e a  
g u i n e a  
p i g +  
.  - ~  
p i g  
M e t h o d  
( a )  
( a )  
T a )  
( a )  
(  b )  
[ b } - -
N u m b e r  o f  
3  
1  
3  
1 .  
3  
2  
e x p e r i m e n t s  
A C h  
A C h  
N 2  
A C h  
A C h  
N 2  
F r a c t i o n  
% R  
( R S A )  
% R  
( R S A )  
% R  
% R  
f r a c t i o n  
% R  
( R S A )  
% R  
P l  
6  
( 0 . 6 1 )  
5  
( 0 ( ) · 4 5 )  
1 1  
1 2  
P l  
1 7  ( 0 . 7 7 )  
2 2  
P 2  
5 3  ( 1 . 2 3 )  
8 2  ( 1 . 9  )  
4 3  
J S  
P 2  . -
7 1  ( 1 o 4 )  
5 1  
P J  
1 1  (  0  0  7 9 )  
1 3  (  O  . .  9 3 )  
.1 4  
1 7  
P J  
3  
( 1 o 2 5 )  
2 o 4  
s  
J O  
0  
3 2  
3 4  
s  8  
2 4  
· -
- -
· • ·  
-
A  
3  
( O o 2 5 )  
1 5  ( 1 o 2 5 )  
1 2  
1 0  
A 1  
3  
( O e J l )  
9 o l  
B + C  
2 J  ( l o 5  )  
5 5  ( 3 1 1 7  )  
1 5  
1 4  
B 1  
3 1  ( 1 . 4  )  
2 2  
D  
2 o J ( O o 5 8 )  
4  ( 1 1 1 0 )  
4  
2  
C l  
0 , , l ( O s 0 7 )  
1 . 5  
E  
O Q 5 ( 0 o 2 )  
4  
( l o 5 )  
2 o 7  
l  
· -
- -
R / g  b r a i n  
2 .  3  µ g  
O o 8 5  µ g  
1 2 , 5  m g  
0  e  1 9 µ g  
O .  3 9  µ g  
1 J . 8 m g  
% P 2  
5 ~ -
9 5  
7 9  
7 1  
I  4 8  
i  
6 4  
- -
I 
I 
l 
I 
' 
·, 
,I 
1, 
I 
,, 
I\ 
.I 
,. .. 
~ 
---
:"'ABLE 9. Subcellular di3tr~bution of substance P 
Column 1 
Species rat 
I 2 ~ 
-,r-~~~~~~~-+-~~-s-h- e~e-p~~i--~~--~~-g- u- i-.~~~f 
Method 
Number of 
experiments 
Fraction 
p 
P2 
PJ 
s 
A 
B+C 
D 
E 
R/g b:.~ain 
%P2 
(a) 
4 
Substance 
%R (RSA) 
11 (loO ) 
61 (1.4 \ ) 
J (- .65) 
5. 
10 (Oo84) 
J8 (2o5) 
J (0.75) 
106(0.59) 
37 units 
86 
p 
(a) (b) 
1 J 
Sub....,·;:;ance 
%R 
22 
26 
0 
19 
15 
0 
0 
r 
J2 units 
66 
p Fraction I 
P2 
PJ 
s 
Substance P 
%R (RSA) 
12 (Oo55) 
80 ( 1. 5 5) 
5 .(2.1 ) 
J 
11 (1.2) 
49 (2.2 ) 
o •. 5(0oJ ) 
61 units 
76 
Key to Tab~es 8-10 
*sucrose media contained physostigmine (~.7 x 10-5 M) 
** Sucrose media contained iproniazid ( -isonicotinoyl-2-
isopropylhy razine), 1 mM 
+ Unanaesthetise animals 
R 
%P2 
RSA 
= total activity recovered in Pl, P2, PJ and S 
percentage of activity originally present in P2 
recovered in particulate subfractions A to E 
relative specific activity (see page 56) 
Figures in parentheses are the relative specific activities. 
F -
L .  
~ ~ - - · - - . , . . - · ·  
- - 0  
T A B L E  l O o  
S u b c e l l u l a r  d i s t r i b u t i o n  o f  5 = H T ~  ( s e e  T a b l e  9  1 o r  e x p l a n a t i o n  
o f  s y m b o l s )  
C o l u m n  
1  
2  
,.  
g u i n ~ a .  p i L L  g u i ~ e a  p i g  ~ 
S p e c i e s  
r R t  
g u i n e a  p i g  [  
M e t h o d  
1  a )  
( a )  
( b )  I  [ b )  (  I p r o n i a z i d )  1 , - i r - ,  
N u m b e r  
o f  
I  
4  
1  
e x p e r i m e n t s  
1  .  1  
5 - H T  
5 - H T  
5 - H T  
5 - H T  
F r a c t i o n  
I  
% R  
( R S A )  
% R  
( R S A )  
F r a c t i o n  
% R  ( R S A )  % R  
( R S A )  
· - -
P l  
I  
6  
( 0 . 5 5 )  
3  
( 0 . 3 3 )  
P l  
5  
( O o 2 2 )  
9  
( O c 7 9 )  
P 2  
I  
2 7  ( 0 . 6 2 )  
_  2 1  ( 0 . 6 2 )  
P 2  
1 8  ( o . · · 3 5 )  
3 6  ( 0 . 7 4 )  
P 3  
2 1  ( 1 o 5  )  
3 3  ( 1 . , 7 5 )  
P J  
6  
( 2 o 5 )  
2 7  (  9 )  
s  
4 6  
I t - 5  
~ 
s  
7 1  
2 9  
A  
I  
6  
( O o 5 )  
1 3  ( O o 8 7 )  
A l  
1 2  (  1 0  3  )  
~ 
6  
( 0 . 8 5 )  
B + C  
I  
2 1  ( 1 . L ~  )  
1 2  ( 1 . 5  )  
B l  
8  
( O o 3 6 )  
1 2  ( O c L ~ 6 )  
D  
I  
2  
( 0 . 5  )  I  
0  
( o )  
I  
c l  
o . 7 ( 0 c 5 )  
2 0  (  1 4 )  
E  
I  
0 . 5 ( 0 0 2  
0  
0  
_ L _  _ _  ·  
R / g  b r a i n  
0  e  1 0  µ g  
O o l O  µ g  
0 . , 1 1  µ g  
0  . 1 9  µ g  
% P 2  
1 0 9  
1 1 9  
1 1 5  
1 0 5  
- ~ -
l  
I  
!  
I  
j  
I 
TABLE· 11. 
Fraction 
Pl 
P2 
I 
PJ 
s 
I Al 
' 
Bl 
cl 
I 
1 1i 
'I 
I 
; 
Relative spec·~ic activities of amino acids 
and ACh in gu·ne~ pig brain homogenates 
(Method b) 
GABA Glutamic acid ACh 
RSA No.of RSA No.of RSA Nooof 
ex,-pts. expts. exp ts. 
0.32 4 OoJ4 2 0.77 J 
OoJ9 4 Oo55 2 1.4 J 
OoJJ 4 Oo42 2 lo25 J 
Oo41 2 OoJ6 2 O.Jl J 
OoJ2 2 Oo45 2 1.4 3 
0.5 2 0 2 0.07 3 
i 
METHOD a METHOD b 
M M 
0.32 
0.32 
0.8 
l. 0 0.8 
1.2 
\ 
1.2 
1.4 
Fig. 1 . Diagram . showing the appearance of tl:e centrifuge tubes 
after centrifuging a 'crude mitochondrial' (P2) fraction from brain 
over density- gradients consisting of Oo32, o. a, loO, lo2 and l o4 M 
sucrose (method a, see Table 1) or 0. 32, 008 and 1. 2 M sucrose 
(method b, Table 2) . A is a dense yellowish-white layer , containing 
mainly myelin fragments . Fraction B, a diffuse grey Jayer, merges 
into fraction C (the cholinergic nerve ending fraction) which consists 
of a ta.n.-coloured, fairly dense layer. Fraction D ( the non-cholinergic 
nerve- ending fraction), also tan- coloured, is separated from fraction 
C by a cloudy interverning region in the i:llbe, and from fraction E 
(the mitochondrial fraction) by a clear region. Fraction B1 is 
composed of fractions B+C+D and is separated from both the myelin 
fraction (A1) and the mitochondrial fraction (C1) by clear layers 
of sucroseo 
Fig. 2. 
GRASS 
ISOLATION UNIT 
GRASS 
STIMULATOR 
TYPE SK 
AMP 
RESISTANCE 
NETWORK 
RECORD 
lOM 
STIMULATE 
/~' 
DORSAL ROOT 
OSCILLOSCOPE----- - -
5 BARREL ELECTRODE 
VENTRAL RO OT 
AMP 
Diagrammatic representation of the experimental conditions 
for applying drugs eleotrophoretica.lly to primary afferent terminals 
while recording their electrical excitability. The centre barrel of 
the micro-electrode is used either for recording the field potentials 
set up by stimulating peripheral nerves. or may be connected to the 
output of a Grass stimulator in order to stimulate the terminals. 
Action potentials . recorded from peripheral nerves or from the ventral 
roots , are displayed on an oscillosoope. 
30 SEC 
t 
El 
t 
E2 
t 
ACh 0 .1 )JQ 
BB.II~ 
t t 
El ACh 0 .025 )JQ 
(A) . Contractions of isolated perfused toad's heart. 
El , 0. 05 ml of crude m - extraot. E2 , 0. 2 ml of crude extract. 
(B) . Sa.me heart but ventricles removed. El, Oo05 ml 
of crude extra.ct . 
Note the complex effect of the extract on the whole heart and the 
simpler , ACh- like depressant action on atria. Time, 30 sec. 
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C 
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Rf 
Fig. 4,_ Distribution of biological activity along chromatograms of 
cationic oomponents of a crude mitochondrial extract, subjected to 
previous electrophoretic separation at pH 4. {A), Fraction A. (B1), 
Fraction B. (B2), Peak 2 of fra.ctien Bin more detail. (c), 
Fraction c. Fractions D and E were completely inactive. In BJ_, 
peak 2 is the total activity of the three fractions e orresponding to 
Rf Oo47 , 0 . 49 and Oo52 in Fig. ~B20 
The ordinate is the total activity of each eluate expres~ 
sed as µ.g of ACh bromide. Note the break in the ordina. te sea.le in 
B1 . All activity except that of fraction A was attributed to ACh 
(see text). ( o ) , guinea pig ileum, (0), toad atria, ( ), toad 
reotus treated with physostigmine, ( A ) , rat fund.us. Zero ac ti vi ty 
is indicated only at the base of each peak. 
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Fig. 5. Parallel assays of an active eluate from fraction B 
(peak 2, Fig. 4 B1) on toad rectus abdominis (a) treated with 
physostigmine (2o5 x 10- 5M) and (b) untreated with physostigmine in 
a 1 ml bath , (c) , tcad atria in a 1 ml bath , (d) , guinea pig ileum 
in a 2 ml bath. (o) , eluate . ( ) , ACh . The abscissae represents 
the amount of ACh bromide in ng (below the line) , or the amount of 
the eluate in ml (above the line) . Note the similar dose- response 
curves on (a) , (c) , and (d) , and equal potentiation of the effects 
of both the eluate and ACh by physostigmine on the toad rectus, 
(compare (a) with (b)) . 
w 
I w w 
w 
·' 
I 
I 
\ 1\ I \ j ) 
I 
ACh Pr Ch Bu Ch Ac Me 
w 
I 
I GABA Ch 
Ac-earn 
Fig. 6. Toad reotus abdominis. Contraetures to acetylcholine 
(ACh) , o. 7 µg, propionylcholine {Pr Ch) o. 5 µg, !!_-bu tyrylcholine 
(Bu Ch), 0.5 µg, a.cetyl-!3-methylcholine (Ac Me) 140 µg, Y-amino-
buty:cyloholine ( GA.BA Ch), 75 µg and aoetyl-DI,..carni tine (Ao-Carn) 
4 mg. W a wash. 1 ml bath. Time - 5 minutes. 
I 
11 
I 4 MIN 
Al El 
A2 E2 A3 
Figo 7o Toad rectus abdominis. 1 ml bath. 
(a) treated with physostigmine (2.5 x 10-SM) 
(b) no physostigmine 
E 1 = OoOCJl ml of eluate from fraction B. (Rf Oo45 to 0.53). 
E 2 = Oo05 ml of eluate from fraction Bo (Rf 0~45 to Oo53). 
A 1 = ACh 0.08 µgo A 2 = ACh 0.7 µg. A 3 = ACh 0.5 µg. 
Time , 4 mino 
1.0 
0 .5 
0 .1 0 .2 0 .3 0A 0 .5 0 .6 0.7 0.8 0 .9 1.0 
Rf 
Fig. So Reohroma.togTa:phy of active components eluated from 
original chromatograms of fraction B. ( ) , peak l (see Fig. 4 B1), 
(0) peak 3 . Zero aotivi ty indicated only at the base of ea.ch peak. 
Assays carried out on toad atria suspended in al ml bath. Ordinate 
is the total recovered activity expressed as µg of ACh bromide. 
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Fig. 9. Distribution 0£ biological activity along chromatograms of 
{A) tneutral' components of a brain extract, and (B) of the .A.Ch-
oonta.ining band of the eleotrophoretogra.m. Cholinomimetio activity 
is shown by the solid line. Non--icholinomimetio activity is shown by 
broken lines. Activity at Rf 0.55 is due to ACh. Activity at Rf 
0.15 is due to pyridine and tha. t at Rf' o. 7 is due to an unidentified 
substance of non-biological origin$ Electrophoresis and bromato~ 
graphy carried out in pyridine-containing solventso 
Cl) 
:::i. 
6 
2 
0 
0 
• 
•~~e~-e~-•~o-
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Figo 10. Chromatography' of a.n eluate from one whole sheet of S.S. 
chromatography paper, to which 3o5 µ.g of ACh ha.d. been added. Note 
the two peaks • . 'fhe first,_ at Rf Oo55, was due to ACh and was 
inactivated by incubation with whole blood (open circles). The 
second was due to an unidentified substance eluted from the pa.per. 
Assays on toad rectus. 
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Fig. 11. Actions of an eluate f:rom S.S. chromatography paper (P) 
on the isola. ted ra. t fundus , toad reotus and t oa. d atria • The 
concentration is expressed as the proportion of the eluate present 
in 1 ml of bathing fluid. Note the prolonged action on the rat 
fundua and toad rectus . On the rectus the contraoture persisted in 
spite of repeated stretching of the muscle, as indicated by the 
vertical lines in the record. 
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Contraction of toad rectus abdominis muscle. Arbitrary 
scale. ACh or Cetavlon {cetyltrimethylammonium bromide) was injected 
into the bath at the arrows and washed out at the dots. The vertical 
lines projecting below the baseline were due to mechanical stretching 
of the muscle . Note the prolonged effect of Cetavlon. 
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Ultraviolet absorption spectra of pyridine ( upper 
curves) and of the active low Rf (0.15) component (lower curves), 
f'rom a brain extract separated in pyridin -containing buffer 
(see Fig. 9A). 
(A), spectra in 0.05N HCl; (B), spectra in O.lN NaOH. 
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Fig. 140 Subcellular distribution in guinea pig brain homogenates 
of potassium (A) and hypothetical distribution of a freely diffu-
sible substance { O ) • Recovery of potassium in Pl, P2, P3 and S: 
66 µ equivalents/ g of brain. Homogena. tes prepared by method (b) . 
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.Fig. 15. Subcellular distribution in guinea pig brain homoge:na tes 
of GABA ( ) , glutamic acid ( D> ) and ACh ( ) • Recoveries in 
Pl, P2, P3 and S: GABA , 255 µg/ g of brain, glutamio acid , 793 µg/ g 
and ACh, 0.4 µg/g. Homogenates prepared by method (b) . 
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Figo 16~ A comparison of the fluorescent properties of a microsomal 
(P3) extract ( ~ ) and authentic 5-H'l' ( ) in 3N-HC1. (a) Fluores-
cence spectra. Activating wavelength 295 mµ. (b) Activation 
spectra. Fluorescence wavelength - 550 mµ.. ('Wavelengths uncoI.Tected). 
R.Fl is the relative fluorescent intensity in a.rbi trary units. 
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Subcellul.ar distribution of ACh and 5-HT in rat brain 
homogena t es , which were fractionated by a modified technique. The 
Pl- supernatant was obtained by the routine method illustrated in 
Tabl es 1 and 2 . foR is the percentage of the total a.mount recovered 
in P'2a , P2b , :P3a and R3b or P2c , P2d, P3c and P3d. ! 2 shows 
• 
where tbe sediment or supernatant were divided into two equal portions. 
Fa.ch figure is the average obtained in two experiments . The centri" 
fugal fields are shown as g x min. 
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Maximum firing freq um cies of a single Renshaw oell 
(ordim.te, spikes per second) in response to alternate electrOM 
phoretio ejections of authentic acetyloholine ( ) and of extracted 
acetylcholine (+) which were made automatically for fixed periods 
(12 and 13 sec respectively) and at fixed intervals using currents 
of 20 nA. The upper horizontal bar above tbe plot signals the 
continuous ejection of ed.rophonium (5 nA.) from a third barrel of 
the multiple micro-pipette ani the lower horizon.ta! bar indieates 
the ejeetion of tetraethylammonium (TEA), 10 nA, from the fourth 
barrel. 
Abscissae, ti.me in minuteso 
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- Fig. 19. Firing frequency of a Renshaw cell in response to 
repeated application of ACh (lower horizontal bars). E • brain 
extract containing ,A.Ch, applied for a period of 3 min, as indicated 
by the upper horizontal bar. Note: firing of cell during applica-
tion of extract am ooncomi tant reduction in response to ACh. 
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Fig. 20. Effect of eleetrophoretie application of cations from a 
purified brain extract (E) and of triethylamine {B) from a triethylw 
amine-containing buffer. on the frequency of firing of a cortical 
neuron (A), an interneurone in the dorsal horn {B) am on a Renshaw 
cell ( c): E was obtained by eluting a chromatogram with triethyl-
amine buffer. !he spontaneous firing of the cortical neurone and 
of the interneu:rone was increased by the continuous application of 
DL-homocysteio acid (DLH) from one barrel of the micro-electrode. In 
c, the effect of a continuous application of trietcylamine on the 
firing induced by alternate ejections of ACh and of DLH was observed. 
Time - minutes. 
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Fig. 21. Action of procaine on the excitability of primary 
afferent fibres of the flexor digitorum longus (FDL) nerve and of 
the motoneuronal soma.a in the anter i or horn of the spinal co.rd. 
Ordinate: size of the response as measured from the filmed 
record {mm). 
Abscissae: stimulus strength expressed in terms of the threshold 
stimulus (9V) for tll..e primary afferent fibres. 
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Aetion of GABA (pH 3.3) on the excitability of gastroo~ 
nemius group la fibres and motoneuronal somaa in the anterior 
horn of the spinal cordo 
Ordinates: size of the response as measured from the filmed 
reoords (mm). 
Abscissae: stimulus strength expressed in te:rms of the threshold 
stimulus (18V) for the l)l'ime.ry afferent fibres. 
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Fig. 23. Action of GABA (pH 3.3) on the exoi ts.bili ty of primary 
afferent cutaneous fibres in the dorsal horn of the spinal cord. 
Ordim.tes: size of the response as measured from the filmed 
reoords (mm) • 
Abscissae: stimulus strength• expressed in terms of the threshold 
stimulus {IIV) for the primary afferent fibres. 
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Action of hydrogen ions on the xcitability of primary 
afferent fibres of the biceps semi tendinosus nerve (BST) in the 
anterior horn of the spinal oord. 
Ordinates: size of the response as measured from the filmed 
record (mm)o 
Abscissae: stimulus strength expressed in terms of tbe threshold 
stimulus (14V) for the prima.r-.f afferent fibreso 
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Action of GABA (pH 5. 5) on the excitability of primary 
aff rent fibres of the biceps aemitendinosus (BST) nerve and of the 
motoneuronal somas in the anterior horn of the spinal cord6 
Ordina. tea, si. ze of the response as measured from the filmed 
record {mm). 
Abscissae: stimulus strength expressed in terms of the threshold. 
stimulus (6.4V) for the primary afferent fibres. 
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Fis;. 26. Action of DL--hom.ooysteic acid (DIB) on the excitability 
of gastroonemius group la primary afferent fi brea and of the 
motoneuro nal soma.a in the anterior horn of the spinal. card. 
Ordinates: size of the rea:ponae as measured from the filmed 
record (mm). 
Abscissae: stimulus strength expressed in terms of the threshold 
stimulus (lOV) for the primary afferent fibres. 
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Fig. 27. Action of strychnine on the exci ta.bili ty of gastrocnemius 
group la primary afferent fibres in the anterior horn of the spinal 
cord. 
Ordimtes: size of the response as measured from the filmed 
record (mm) 
Abscissae: stimulus strength expressed in terms of the threshold 
stimulus (11 V) for the primary afferent fibres. 
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Figo 280 Potency of cholinomimetic substances relative to that of 
ACh (= 100) plotted on the ordinate (log scale) , determined on the 
blood pressure of the atropinized cat (closed circles), on Renshaw 
cells (open circles) and on the guinea pig ileum (crosses) . The 
compounds a.re arranged along the abscissa in descending order of 
activity determined on tre blood pressure o Anows pointing up indicate 
that the substances were more than four times as potent as ACh on 
Renshaw cells and arrows pointing down indicate that tr..ey were less 
than one-fifth as potento The compounds listed along the abscissa are; 
nicotine , acetyl thiocholine (AC ... THI C".J::!) , Y-propiobetaine methyl ester 
(RCA) , carbamoylcholine (CARBAMOYL-CH) , tetramethylammonium (T~LA.) 1 
A h9 propionylcholine (P CH) , ,li- butyrylcholine (Bu- CH) 1 caproylcholine 
(CAPROYI,-.CH) , acetylhomocholine (AC-HOMO-CH) 1 succinylcholine 
(succ:rnTY CH) 2 acetyl- ~- methylcboline (AC-~- Me-CH), pilocarpine and 
Y- amino".n.-butyr'Jlcholine (GABA- CH) . 
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Fig. 29 0 Firing frequency (ordinate) of a Renshaw cell plotted 
against time (abscissa) o A, response to ACh , 30 nA; carbamylcholine 
3 nA (CARB) ; nicotine , 2 nA (NIC 2) ; Y- propiobetaine methyl ester , 
3 nA (RC 3): B1 responses to ACh , 1 nA and dl-muscarine , 10 nA» 
in another Renshaw cell: Time 30 secQ 
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Fig. 30. Frequency of firing (ordi11ate) of a Renshaw cell. 
Effects produced by the electrophoretic ejection of ACh and acetyl-P• 
methylcholine (AC-~ ~IBTH) during the periods indicated by the lower 
horizontal bars. Time , mirlo 
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At Frequency of firing (ordinate) of a Rensh..aw cell 
in response to alternate ejections of ACh (closed circles) and DLH 
(crosses)Q Dihydro"'3- erythroidine (DB{3E) was ejected with 
currents of 10 arrl 20 nA (left band side of figure) t or was allowed 
to diffuse passively from the electrode by removing the retaining 
current(DE{3E1 o) . 
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Fig. 32 ~ Frequency of firing (ordinate) of a Renshaw c ell . 
Responses to al tern.ate appl ications of .A.Ch or acetyl- '3- methylcholine 
during the periods ind.ic&,ted by the horizontal bars . A, control 
responses; B1 3 min after the beginning of an ejection of dihydro- ~~ 
erythroid.ine (DBpE); C, the D:m3E ejection ceased just after record B 
was obtained, atropine was then injected intravenously and 6 min later 
the records in C were obtained; D, 7 min after tbe injection of an 
additional o. 5 mg/kg of atropine; E, 4 min after an additional lo7 mg/kg 
of atropine. Time , 30 seco 
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Fig. 33. Frequency of firing (ordinate) of a Rensraw cell plotted 
against time in min (abscissa). A, Band c, ACh ejected with 
currents of 2, 20 and 40 nA respectively; D, E ani F, Ace°bJl-!3-
methylcholine ejected with a current of 40 nA; A and D control 
responses; B ani E, records obtained approximately 7 min after the 
begining of an ejection of DBpE (20 nA) from a 0.1 M solution; 
atropine sulphate (0.7 mg/kg) was injected intravenously between 
records Band E and records C and F; this reduced the background rate 
of firing to zero; C and F, the background rate of firing was increased 
to the original level by a continuous ejection of DLH (8 nA). 
N.B. DBpE was ejected continously in recorcs B, E, C and F. 
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Fig. 34 0 Frequency of firing (ordinate) of a Renshaw cell in 
response to brief current pulses of ACh. Time 30 sec . Note the 
biphasic recovery after large cu:rTents were passed. 
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Frequency of firing (ordinate) of a Renshaw cell . A) effect 
of brief applications of tetraethylam.monium (TEA. upper horizontal bars) 
on the fir-lng produced by the continuous ejection of ACh (lower 
horizontal bar); B) , effect obtained when nicotine (NIC , lower 
horizontaJ. bar) and tetraethylammonium (TEA, upper horizontal bar) 
were applied simultaneously; C) firing was produced by a brief ejection 
of nicotine (:NIC ii lower horizontal bar) and tetraethylammonium v,as 
ejected for brief periods during the recovery (TEAg upper horizontal 
bars) . Time, 30 sec. 
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Extracellular spike potentials of a Renshaw cell recorded 
on moving film before during and after a single supra- maximal shock 
was applied to the ventral root . Sweep duration 80 msec , 12 sweeps 
per sec . Calibrations; Oo5 sec for film speed, 0. 5 mV a:nd 10 msec . 
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Frequency of firing (ordinate) of a Renshaw cell , plotted 
against time (abscissae) ~ Note that the average frequencies of the 
initial responses have been divided by 10 (indicated by f/lOJ Dotted 
lines represent the average spontaneous rate of firing. Response 
following A) a single shock to the ventral root, B) a single shock to 
the 17 dorsal root and c) a single shock to the Sl dorsal root. Note 
the late response following ventral root stimulation, which was absent 
when dorsal roots Viere stimulatedo 
Time , sec after stimulus. Each point is the average for three 
separate volleyso 
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A) , Number of spikes (ordinate) in the initial response 
recorded from a Rens baw cell following a single ventral root volley: 
B) , Frequency of firing produced by brief applications of nicotine ( ) 
or acetyl · - metbyloholine ( .d ) , expressed as percentages of the 
control responses to DLH: c) , Frequency of firing produced by brief 
applications of ACh ( ) or n,- butyrylcholine ( ) expressed as 
percentages of the control responses to DLH: Between. the dotted lines , 
dihydro- 13- erytbroidine (10 mM in 165 NaCl) was ejected by electro-
phoretic currents increasing stepwise to 40 nA~ Time , min. 
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Fig. 39. Firing frequency (ordinate) of a Renshaw cell at various 
times following a single stimulus applied to the ventral root. The 
average frequency during the initial response is represented by the 
first point on the curves (note the break in the ordinate scale) o 
Open circles, control response; closed circles, response obtained 8 min 
after intravenous injection of atropine sulphate (0.1 mg/kg); crosses , 
responses obtained 3 min after intravenous injection of atropine 
sulphate (1 mg/kg). The frequency shown at 10 sec is the average 
spontaneous firing rate. Time, sec 0 after stimulus . 
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Fig. 409 As in Fig. 39 , but average frequency during the initial 
response has been divided by 10 (f/10) . 
A) Open circles , control response; closed circles , response obtained 
during the electrophoretic application of dihydro- ~- erythroidine 
(TIEpE/Na) from a solution containing 20 mlvf DHpE in 165 m:M NaCl o 
B) Crosses , response obtained. 12 min after termination of the 
ejection of D:af:3E ; triangles , response obtained 3 min after the 
intravenous injection of atropine sulphate (Ool mg/kg) o 
Horizontal dotted lines represent the average spontaneous firing 
rate 4 Time , sec after stimulus o 
• 1 0,..-----.....,. 0 3/SEC 
40 /· x 200/SEC C z 
0 • u 
w 
V) 
°' w 20 Cl.. 
•--. • V) w 
~ 
ii:: 
V) ;· 
0 ex 
0 2 3 5 
SEC 
6 12 25 50 
Firing frequency (ordina. te) of a Renshaw cell after a 
single shock to the ventral root (closed circles) . following stimula-
tion at 3/sec for 3 sec (open circles) , and following stimulation at 
200/sec for 3 sec (crosses) . Abscissae , time (sec) after stimulus . 
The dotted line represents the average spontaneous firing frequencyo 
Note that the initial response has been ommitted from the figure . 
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Fig. 42. Frequency of firing (ordinate) of a Renslaw cell plotted 
against time (abscissa) . Two barrels of the micro- pipette contained 
Oo5 M ACh and a third barrel contained Oo2 M DLH. ACh was allowed 
to diffuse from either barrel 1 or barrel 2 (upper horizontal bars) 
by te:rminating the retaining current of 9nAo DLH was ejected by 
a current of 6 nA during the periods indicated by the lower horizontal 
bars o Time , mino 
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Fig. 430 Frequency of firing (ordinate) of a Renshaw cell plotted 
against time (abscissa). Rffects of prolonged applications of ACh 
(A and c) or D homocysteic acid, DLH (Band D) on the firing rate 
produced by repeated brief (about 5 sec) current pulses of ACh 
(A and D) or DLH (Band C)o Time, 30 sec. 
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Frequency of firing (ordinate) of a Renslaw cell , plotted 
against the current used to eject ACh (abscissa) . The ACh was adminis-
tered for periods of up to 2 min until the response had faded to an 
equilibrium value. 
A) X - frequency of firing at the initial peak 
B) ~ frequency of firing at equilibrium. 
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Fig. 456 Frequency of firing (ordinate) of a Renshaw cell plotted 
against time (abscissa) . Responses were obtained to alternate ejections 
of ACh or DLH. 
A; control responses to ACh () and DLH (X) : in B, carbamylcholine 
was al l owed to diffuse continuously from the micro- pipette by 
reducing the retaining current from - 30 to - 4 nA: C, recovery . 
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Frequency of firing (ordinate) of a Renshaw cell , plotted 
against time (abscissa) . During the periods indicated by the lower 
horizontal bars , ACh was ejected with an electrophoretic current of 
17 rlA. In A, carbamylcholine was allowed to diffuse from the 
electrode during tre period indicated by the upper horizontal bar , 
first by reducing the retaining current from - 8 nA to - 5 nA , and then 
by turning off the retaining current ( CABB O nA) o In B, carbamylcholine 
was ejected by an electrophoretic current of 5 nA for the period 
indicated by the upper horizontal bar. Time , mino 
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Figo 47 . Frequency of firing (ordinate) of a Renshaw cell , plotted 
against time (abscissa): A, effect of dl-musca:rine (70 nA) on t he 
firing produced by brief current pulses of ACh (20 nA) ejected during 
the periods indicated by tl:E lower horizontal bars: B, effect of 
D(- ) muscarone (75 nA) on the firing produced by brief current pulses 
of ACh : time t 30 sec o 
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Figo 48. Frequency of fi:ring (ordinate) of a Renshaw cell , plotted 
against time (abscissa) . Effect of caproylcholine on the firing 
induced by the electrophoretic application of ACh () or DLH (X) , 
ejected alternately for periods of 25 sec . Time , min. 
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Fig. 49 . Frequency of firing (ordinate) of a Renshaw cell, plotted 
against time (abscissa) . Effect of a prolonged administration of 
acetyl- ~- methylcholine (upper horizontal bar) on the firing produced 
by the al terr.ate electrophoretic ad.ministration of ACh () or DLH (X) 
for periods of 12 seco Time , mino 
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Figo 500 Frequency of fir1ng (ordinate) of a spinal interneurone , 
which responded to volleys in the sural nerve , plotted against time 
(abscissa) . The points represent the maximum firing rate obtained 
during the ejection of brief (20 sec) current pulses of DLH (20 nA) 
repeated at intervals of 15 sec . A, effect of ACh continuously ejected 
during the period indicated by tra upper horizontal bar: B, effect 
obtained when carbamylcholine was allowed to diffuse passively from the 
electrode ( GARB O nA) by turning of the retaining current during the 
period indicated by the upper horizontal bar . The retaining currents 
were - 18 nA for ACh and - 25 nA for carbamylcholine. Time , min. 
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Fig. 510 Focal synapt:i. c and spike potentials, recorded extracellularly 
from the same interneurone as in Fig. 50, following stimulation of the 
sural nerve . 
A) Control records 
B) Records obtained after carbamylcholine (20 nA) had been ejected 
from tbe micro-pipette for 1 min . 
C) Records obtained 14 min after the termination of carbamylcholine 
administration. Calibrations, 2 mV and msec o 
A 
C o 1000 z 
0 
u 
w 100 V) 
"' w 
CL 
V) 10 
w 
>< 
CL 
V) 0 
D 100 
..... 
~ 
... 80 z 
0 
u 
Ill 
60 
AO 
x-x 
.......... )( 
·x 
\. x-><-x 
--- ----- i---------/ ___ r----- -x-x-x 
10 20 
~. 
'e 
\ 
' 
' 
10 20 
)( --. 
50 100 200 500 1000 2000 ,oo 
TIME AFTER STIMUI.US msec 
r·--
50 100 200 
-·-·--· .--· 
500 1000 2000 ,oo 
VOLLEY INTERVAL msec 
Figo 520 A) Initial response recorded extra- cellularly from a 
Renshaw cell after a single supramaximal shock to the ventral root and 
B) after two volleys in the ventral root at an interval of 34 msec . 
c) Same cell; frequency of firing (ordinate) , plotted against time 
(abscissae) , after a single shock to the ventral root o Note the high 
frequency of firing during the initial discharge and the rapid decay , the 
pause and the late discharge o The dotted line represents the avere.ge 
spontaneous rate of firing. D) Number of spikes in the initial response 
following the second of two volleys , expressed as a percentage of the 
number of spikes following a single shock (ordinate) , plotted against 
the time interval between volleys o Calibrations , 0. 5 mV and 10 mseco 
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Fig. 53 0 Frequency of firing of a Renshaw cell (ordi:na.te) plotted 
against time (abscissae) o Response to a brief application of ACh 
and a more prolonged application of neostigmine from a solution 
containing 10 mM neostigmine in 165 mIVI NaCl ~ Time , min. 
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Diag;ram depicting hypothetical pathways by wnich the 
process of receptor occupation may lead finally to excitationo Mis 
a muscarinic receptor , N is a nicotinic receptor and A is an amino 
acid receptor . Sis an intermediate receptor common to all pathways 
and MN is a receptor common only to paths X and Y~ Drugs nay interact 
with receptors to produce predominently excitation or block 1 depending 
upon the kinetics of their interactionso 
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